Effects of the cyanobacterium Nodularia spumigena on selected estuarine fauna by Davies, W
 I
 
 
Effects 
 
of the Cyanobacterium 
 
Nodularia spumigena 
 
On Selected 
 
Estuarine Fauna 
 
 
Warren R. Davies 
B.Sc (Hons) 
 
 
 
 
A THESIS SUBMITTED FOR THE DEGREE OF DOCTOR OF 
PHILOSOPHY IN THE SCHOOL OF APPLIED SCIENCES, 
RMIT UNIVERSITY 
 
 
 
 
 
 
 
 
 
THESIS SUBMITTED 
March 2007 
 
 
 
 
 
 
 
 II
Declaration 
 
 
I, Warren Raymond Davies, hereby declare that: 
 
 
 
Except where due acknowledgement has been made, the work submitted is that of the 
author alone; 
 
 
The work has not been submitted previously, in whole or in part, to qualify for any other 
academic award; 
 
 
The content of this thesis is the result of work carried since the official commencement 
date of the approved research program; and, any editorial work paid or unpaid, carried out 
by a third part is acknowledged 
 
 
Material contained in the work previously published or written by another person is duly 
noted. 
 
 
 
 
 
 
 
 
 
 
Signed 
 
 
 
 
 
 
 
 
 
Warren Raymond Davies 
 
 
 
 
 III
Abstract 
 
Nodularia spumigena is known commonly to be a toxic blue green algae. This species of 
cyanobacterium proliferates into algal bloom proportions in many parts of the world, mainly in 
estuarine and brackish conditions. In Australia, N. spumigena has been known to cause 
livestock mortality and is of concern to human health. Aquatic fauna are susceptible to N. 
spumigena blooms and the consequences of such blooms are yet to be fully understood. The 
Gippsland Lakes, located in the south-eastern corner of Australia, is susceptible to regular 
blooms of N. spumigena. This region of Victoria is of statewide, national and international 
significance in terms of environmental, economical and social values. The toxicity of N. 
spumigena to endemic fauna from the Gippsland Lakes is unknown. Therefore, research into 
the toxic compounds from N. spumigena blooms and their effect on aquatic life may help 
bring understanding to ecosystem function and structure during N. spumigena blooms and the 
biology of affected species. This study investigated the toxicity of N. spumigena and its toxins 
using established ecotoxicology theory and practice. 
 
 Important toxins of N. spumigena are the pentapeptide nodularin and lipopolysaccharides. 
Nodularin is known to be hepatotoxic and a tumour promoter and exhibits many similarities to 
the freshwater toxin microcystin. It can cause poisoning by direct consumption of the N. 
spumigena cells that rupture internally inside an animal and liberate the soluble content. 
Alternatively, blooms of N. spumigena that go into senescence breakdown and release the 
toxins directly into the water.  
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This thesis first investigated a new method to measure nodularin in the aquatic environment. 
The method was to have practical benefits over current methodologies for the analysis of 
nodularin in salt water. The technique of Solid Phase Microextraction (SPME) was developed 
and optimised to extract nodularin from both fresh and seawater samples. Optimising the 
SPME technique involved adjustment of water samples to a low pH and high salt content 
enabling nodularin to partition into a polymer coated SPME fibre. This was coupled to a 
HPLC interface and through conventional HPLC separation techniques, nodularin could be 
quantified to environmental health guideline levels of 10 ppb. 
 
The primary focus of this PhD was the toxicity of the soluble contents of N. spumigena to 
aquatic organisms. The N. spumigena extract was synonymous to what maybe liberated from a 
senescing N. spumigena bloom. Initially, fauna from the Gippsland Lakes were investigated. 
An extensive N. spumigena bloom in the Gippsland Lakes made possible accumulation studies 
from sessile species, which showed increases in body burden of nodularin up to 1149 μg / kg 
in mussel tissue and 489 μg / kg in barnacle tissue. Survival studies followed on a range of 
Gippsland Lakes fauna to a N. spumigena extract with known concentrations of nodularin. The 
species were represented at three different trophic levels, i.e. zooplankton (mixed copepod 
species), shrimp (Macrobrachium intermedium) and mussel (Mytilis edulis). Survival of black 
bream (Acanthopagrus butcheri) eggs was also investigated. Results demonstrated that most 
organisms could survive the highest concentrations of the extract. Only zooplankton showed 
mortality with an established copepod LC50 being determined as 60 µg / L of nodularin-laden 
extract. 
 
Although species survival was high, toxins from N. spumigena may possibly impart sublethal 
toxic effects. Further research was dedicated to elucidating the effects of the N. spumigena 
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extract to important cellular biomarkers in the mussel, shrimp and black bream from the 
Gippsland Lakes. The biomarkers chosen were the important Phase II enzymes and proteins 
Glutathione-S-transferases (GST) and Glutathione (GSH), which are associated with 
detoxifying xenobiotics in animals and plants. The black bream was further investigated to 
assess the effects of a N. spumigena extract on DNA integrity. Results presented showed that 
the N. spumigena extract with nominal concentrations of nodularin induced changes in GST 
and GSH in all species tested. The study presented for the first time GST changes in adult fish 
to an extract of N. spumigena and the possible link for how the fish detoxifies N. spumigena 
toxins. 
 
Levels of Phase II enzymes, proteins, regulatory and antioxidative enzymes were examined in 
the green lipped mussel (Perna viridis) gill and hepatopancreas following short-term exposure 
to a N. spumigena extract containing 20 and 200 μg / L of nodularin. Generally, the gill was 
more responsive to the toxic exposure, with changes in the Phase II enzyme GST and its 
conjugate protein GSH, the antioxidative biomarkers glutathione peroxidase (GPx) and lipid 
peroxidation (LPO) and the regulatory biomarker Na+, K+ - ATPase. Results also suggested 
that changes in many of these biomarkers were opposite in their response to other researchers 
using purified nodularin. The genotoxic effect of the N. spumigena extract was also 
determined by measuring DNA strand breakage using the COMET assay and findings showed 
that the 20 μg / L of nodularin laden extract caused significant increases in DNA damage to 
mussel haemolymph on day 2. 
 
Following a laboratory exposure, the effects of two different densities of N. spumigena on the 
green lipped mussel (P. viridis) gill and hepatopancreas were investigated using antioxidative 
and detoxification biomarkers. The results show that feeding mussels with the cyanobacteria 
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caused some changes to the Phase II biomarkers but failed to induce changes in oxidative 
enzymes. Identical experimental conditions was used to the previous research with the N. 
spumigena extract containing 20 and 200 μg / L of nodularin, making it possible to compare 
biomarker responses to either exposure to an extract of N. spumigena  (i.e post bloom 
conditions) or densities of the cyanobacteria (active bloom conditions) with results showing 
GST and GSH exhibiting opposite responses. 
 
The overall results of this research provided an assessment of the toxic effects of Nodularia 
spumigena on aquatic fauna with special reference to the Gippsland Lakes, Victoria, Australia. 
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Chapter 1:  Literature Review. 
 
1.1 Introduction 
 
Water is an extremely valuable and essential commodity to all life, and its quality is 
paramount to the survival of all species on earth. Environmental contamination of the 
aquatic environment is recognized as an undesirable consequence of human activity 
that jeopardizes not only human habitation, but that of all life reliant on a particular 
water mass for existence. The cornerstones of aquatic toxicology recognize the need to 
protect the aquatic environment by applying many streams of science to measure the 
effects, risks and environmental fate of life threatening pollutants. This field of science 
underpins governmental and intergovernmental legislation to ensure water quality is 
protected from pollution, for like the atmosphere it is not confined to states, countries 
or continents. 
 
By definition, the science of aquatic toxicology is the study of anthropogenic chemicals 
and natural toxic substances and their effects on aquatic organisms, and arose from 
public concerns as recently as the 1940s and 1950s (Rand, 1995). To this day, the main 
focus of this science is dedicated to the man-made chemicals, although a range of 
natural pollutants exist that can be either directly toxic to life or can change the abiotic 
status of water to a point that can cause adverse effects to biota. This PhD will 
investigate the toxic effects of natural compounds produced from one of the world’s 
most ancient life forms, the cyanobacterium Nodularia spumigena. 
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1.2 Cyanobacteria 
 
Cyanobacteria, commonly called blue–green algae, are representative of the earliest 
fossilised records of life on earth. Cyanobacteria originated around 3.5 billion years ago 
and were precursors to higher forms of plant life. The oxygen on earth, so essential for 
higher life forms, primarily originated from cyanobacteria. In fact, cyanobacteria could 
be attributed to life’s first global pollution catastrophe as oxygen levels on earth 
increased with the prolific rise of cyanobacteria some 1.8 billion years ago. 
Cyanobacteria have the ability to survive in extremely inhospitable environments, from 
hot springs, to desert soils and Antarctic lakes covered with permanent ice (Raven et 
al., 1986). 
 
Cyanobacteria have been assigned to the kingdom Monera (Prokaryota), division 
Eubacteria, class Cyanobacteria and include about 150 genera and 2000 distinct species 
(Duy et al., 2000). Cyanobacteria can be considered a type of photosynthetic bacteria 
and just like eukaryotic plants contain chlorophyll a. As prokaryotes, cyanobacteria 
lack a nucleus and the cytoplasm is heterogeneous containing granular structures (Pitois 
et al., 2000). The absence of a nucleus is a distinguishing feature that separates 
cyanobacteria from algae. In most species, the cell wall consists of peptidoglycan and 
lipopolysaccharide layers similar to gram-negative bacteria, which can be surrounded 
by a mucilaginous sheath (Haider et al., 2003).  Some cyanobacteria contain gas 
vacuoles that enable regulation of buoyancy in the water column. This buoyancy 
control can be rapid and highly dependant on complex interactions with other chemical 
and physical cues (Spencer and King, 1987). These gas vacuoles are comprised of 
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numerous hollow cylinders called gas vesicles that can withstand external pressures 
between 4 – 7 atmospheres (Lukatelich, 1988). This adaptation by cyanobacteria can be 
a real competitive advantage over other planktonic algae, in that they may be able to 
maintain a position in the water column that is optimal for growth. Another adaptation 
that cyanobacteria possess is the ability to fix atmospheric nitrogen, carried out in 
heterocysts. Again, this can be a competitive edge over other phytoplankton in waters 
that are nitrogen limited (Lukatelich, 1988). The colouration seen in cyanobacteria is 
due to a range of pigments. Some of these pigments, like phycocyanin and 
phycoerythrin, are unique to cyanobacteria. Photosynthesis in cyanobacteria is identical 
to eukaryotes but can be carried out even under conditions that are not suitable for 
many other plant species (Raven et al., 1986).  
 
Cyanobacteria can reproduce by a number of ways which include fission, budding 
trichome breakage, hormogonia formation, or akinate germination, and 
morphologically can be single celled, form colonies or be filamentous with individual 
cells growing up to 40 µm in diameter (Kaebernick and Neilan, 2001). Cyanobacteria 
grow in most parts of the world including marine, brackish and fresh water (Falconer, 
1988) and if conditions such as temperature, nutrients and light are optimal, 
cyanobacteria can proliferate into cyanobacterial blooms, some of which produce 
toxins. 
 
Certain cyanobacteria have been found to contain toxic products that have been termed 
cyanotoxins. The cyanotoxins are contained in the cells of the blue-green algae and are 
liberated when a cell decomposes or is broken apart by some process such as grazing by 
animals. These toxic algae generally become a concern to other life when they grow to 
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bloom proportions and the toxic solutes concentrate to high levels. Toxic 
cyanobacterial blooms have been termed Harmful Algal Blooms (HABs) and are 
grouped with other planktonic organisms that form toxic blooms such as dinoflagellates 
and diatoms. Much research has been dedicated to marine species that cause HABs as 
their formation induces a range of chemical and physical effects on fish and shellfish 
that can act as vectors for human illness (Plumley, 1997; Smayda, 1997a; Smayda, 
1997b; Van Dolah, 2000). 
 
Toxic cyanobacteria blooms have been reported from Europe, the Americas, Middle 
East and Asia, Africa, Australasia and even Antarctica (Codd, 1995; Hitzfeld et al., 
2000; Codd et al., 2005) and recognition of blooms and surface scums have been 
reported in antiquity by Roman scholars as early as AD 77 (Codd et al., 1994).  
Cyanobacteria that are known to be toxic include the genera of Anabaena, 
Anabaenopsis, Aphanizomenon, Coelosphaerium, Cylindrospermum, 
Cylindrospermopsis, Fischerella, Gloeotrichia, Gomphosphaeria, Hapalosiphon, 
Lyngbia, Microcoleus, Microcystis, Nodularia, Nostoc, Oscillatoria, Phormidium, 
Planktothrix, Raphidiopsis, Schizothrix, Scytonema, Spirulina, Symploca, Tolypothrix 
and Trichodesmium, although some genera have yet to have their toxin isolated and 
characterized (Falconer et al., 1983; Carmichael, 1989; 1992a; 1992b; Bell and Codd, 
1994; Hunter, 1998; Kuiper-Goodman et al., 1999; Haider et al., 2003;. Codd et al., 
2005)  
 
In Australia, blooms of cyanobacteria are common in fresh and estuarine environments 
and the most extensive bloom ever recorded was in the Murray-Darling system of New 
South Wales, in late 1991. Nearly 1000 km of river was affected and caused stock 
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deaths and a state of emergency enforced by the government (Bowling and Baker, 
1996). As a consequence of the bloom, a major governmental review and awareness of 
the dangers was instigated with the formation of the Blue – green algal task Force 
(Anon, 1992; Codd et al., 1994). 
 
The human health considerations for toxic cyanobacteria have been a challenge for 
health and water management authorities. A series of reviews looking into the nature 
and effects of cyanobacterial toxins and human consequences have highlighted the need 
to direct research and government action for deriving guidelines and risk management 
strategies (Hunter, 1998; Falconer, 1999; Fitzgerald et al., 1999; Steffensen et al., 
1999; Pitois et al., 2000; Codd et al., 2005). Toxic cyanobacteria such as Microcystis, 
Anabaena, Cylindrospermopsis and Nodularia are of concern to potable water supplies 
as they bloom in freshwater systems. Drinking water quality guidelines have been 
developed in Australia (NH&MRC, 2000) and internationally that outlines the 
treatment and health considerations to specific cyanobacterial toxins (WHO, 1998). In 
Australia potable water quality guidelines for microcystin have been established not to 
exceed 1.3 μg/L. Insufficient data have prevented a guideline value for nodularin to be 
established (NH&MRC, 2000). Other concerns to human health such as cyanobacterial 
toxins in milk or seafood have recently also been investigated in Australia (Orr et al., 
2001; 2003; Van Buynder et al., 2001). 
 
Cyanotoxins have been proposed as secondary metabolites that have no essential 
purpose in primary cellular functions, such as growth or reproductive metabolism 
(Carmichael, 1992a). The role of these secondary metabolites is thought to be either 
intrinsic (e.g. protection from UV light, intracellular nutrient storage, or a 
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differentiation signal) or possible an extrinsic function (e.g. predator deterrent, an 
allelopathic compound, promoting symbiotic relationships, excretion products, an 
antifouling agent or a metal scavenger) (Codd, 1995; Plumley, 1997).  
 
Cyanotoxins have been functionally grouped into neurotoxins, hepatotoxins, cytotoxins 
and lipopolysaccharide endotoxins (LPS) and have been extensively reviewed 
(Carmichael, 1989; 1992a; 1992b; 1997; Sivonen and Jones, 1999; Duy et al., 2000; 
Haider et al., 2003). Microcystis, Anabaena, Nodularia, Oscillatoria, Umezakia, Nostoc 
and Cylindrospermopsis all produce hepatotoxins (Carmichael, 1992a; 1992b; Duy et 
al., 2000). Structurally, hepatotoxins can be divided into three groups: alkaloids 
(cylindrospermopsin), heptapeptides (microcystins) and pentapeptides (nodularins) and 
currently about 53 hepatotoxins have been characterized (Haider et al., 2003). The most 
widespread of the hepatotoxins are the cyclic peptides, microcystin and nodularin. 
Microcystin contains 7 amino acids on its ring structure (Botes et al., 1982) with at 
least 60 variants known (reviewed by Carmichael, 1992a; Dawson, 1998; Sivonen and 
Jones, 1999; Duy et al., 2000). Its structure and toxicity have been closely affiliated 
with that of nodularin although a number of differences exist that are discussed below.  
 
1.2.1 The Genus Nodularia 
 
Nodularia is classified in the order of Nostocales and Family Nostoaceae. Latin 
translation of Nodularia means a wound cord, with knots that produces foam 
(Dahlmann et al. 2001). The Nodularia genus is represented by 7 defined species, with 
4 planktonic and 3 benthic (Komárek et al., 1993). Nodularia is generally regarded as 
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toxic although not all species contain toxin or gas vacuoles (Bolch et al., 1999; Lyra et 
al., 2005).  
 
Nodularia is found worldwide (Bolch et al., 1999; Laamanen et al., 2001) and toxic 
blooms have been reported from Australia, Europe and North America (Carmichael, 
1992), Africa (Harding et al., 1995), South America (del Carmen Pérez et al., 1999) 
and Antarctica (Hitzfeld et al., 2000). Climatic distribution of Nodularia can be from 
subtropical (i.e. South Africa, Uruguay) (Harding et al., 1995; del Carmen Pérez et al., 
1999), to temperate (Tasmania, Australia and New Zealand) (Carmichael, 1988; Jones 
et al., 1994), to polar climates (i.e. McMurdo Ice shelf, Antarctica) (Hitzfeld et al., 
2000). 
 
Nodularia spumigena is known to be the dominant cyanobacteria species to cause toxic 
algal blooms in a brackish environment (Figure 1.1). N. spumigena is a filamentous 
cyanobacterium (Figure 1.2) with individual cells being typically 2 – 5 µm long and 7 – 
12 µm in diameter, forming trichomes of up to 400 cells (Jones et al., 1994). In the 
Baltic Sea around Finland, Denmark and Sweden, large blooms of N. spumigena have 
been documented from 1855 with fossilized records suggesting cyanobacterial blooms 
occurring around 7000 years ago (Bianchi et al., 2000).  In Australia, blooms of N. 
spumigena have been reported since 1878 from Lake Alexandria in South Australia 
(Francis, 1878; Codd et al., 1994), the Peel Harvey estuary in Western Australia 
(Hodgkin, 1988; Lukatelich, 1988), the Orielton Lagoon in Tasmania (Jones et al., 
1994) and the Gippsland Lakes in Victoria (Chessman, 1988; Norman, 1988). 
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Factors that influence the promotion of Nodularia blooms have been of interest to 
researchers and water managers in the field. In Baltic Sea blooms, it has been proposed 
that phosphorus enrichment together with calm stratified water that is warmed to about 
17oC plays an important role in bloom development (Sellner, 1997). In Australia, N. 
spumigena blooms have also been attributed to many factors and include: inputs of 
anthropogenic phosphorus with limited amounts of nitrogen; calm water conditions 
with a temperature between 17 – 20oC; reduced salinity; increased river flow associated 
with seasonal rainfall patterns; diatom succession; and the flushing rates of lakes and 
estuaries (Chessman, 1988; Hodgkin, 1988; Jones et al., 1994; Duy et al., 2000). N. 
spumigena forms resting stages called akinetes along their trichomes, and it has been 
suggested that akinete formation is correlated with rising salinity levels (Sellner, 1997). 
Germination of akinetes occurs with optimal water conditions.  
 
Early documentation of cyanobacterial blooms was due mainly to the concern of 
livestock deaths (Francis, 1878; Main et al., 1977; Codd et al., 1994), domestic animal 
mortalities (Elder et al., 1985; Nehring, 1993) and health concerns to humans 
(Falconer, 1999). In Australia, death to sheep, lambs, horses, dogs, pigs and prawns 
have all been attributed to N. spumigena (Steffensen et al., 1999; Kankaanpää et al., 
2005). Human afflictions, such as skin and eye irritations and gastric complaints have 
been reported after recreational exposure to N. spumigena (Soong et al., 1992). 
Recognition that cyanobacteria blooms have the potential to cause illness and even 
death has led to the advancement of identifying the causative agents unique to blue 
green algae.  
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Figure 1.1:  Filamentous wisps, from a N. spumigena bloom in the Baltic Sea 
 
 
 
 
 
 
 
Figure 1.2: A single filament of N. spumigena x 100 magnification. 
 
 
≈ 50 um 
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1.2.2 Nodularin 
 
Nodularin is the main toxic compound from N. spumigena. It has a molecular weight of 
824 (Figure 1.3). Nodularin differs from microcystin in having only 5 amino acids in its 
circular structure, although 3 of the amino acids are the same as microcystin (Rinehart 
et al., 1988).  Annila et al. (1996) has shown that the three-dimensional structure of 
nodularin is similar to microcystin. Both cyanotoxins have an unusual side chain 
termed ADDA (3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid) 
(Carmichael, 1989) which is considered important in toxicity (Carmichael, 1992b). 
Nodularin is regarded as a comparatively hydrophobic compound (Annila et al., 1996) 
that binds non-covalently to molecules (Bagu et al., 1997) and differs from microcystin 
that is known to bind covalently (MacKintosh et al., 1995; Runnegar et al., 1995). 
 
Nodularin concentrations are determined from water and biota using similar methods to 
the estimation of microcystin. Methodologies for the determination of cyanotoxin vary 
depending on what matrix the toxin is in (i.e. water or tissue). Extraction of nodularin 
from Nodularia has been successful using ultrasonication of the cyanobacteria (Jones et 
al., 1994; Bolch et al., 1999; Pietsch et al., 2001). Also common is homogenization, 
followed by methanol extraction (reviewed by Fastner et al., 1998). Metcalf and Codd 
(2000) also demonstrated the use of a boiling waterbath and microwave treatment in 
effective microcystin extraction. Another technique showing promise is the use of solid 
phase microextraction (SPME) (Poon et al., 2001; Namera et al., 2002; Ghassempour et 
al., 2005; Chapter 3). 
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The direct measurement of nodularin or microcystin concentrations, rather than 
cyanobacteria cell density, has been deemed a more relevant way for evaluating human 
and animal health risk (Xu et al., 2000). Analytical methods for measuring nodularin 
and microcystin have been well developed. Probably the most common is HPLC 
coupled with UV detection, although other analytical techniques are gaining popularity 
(e.g. LC/MS, GC/MS, TLC, NMR, MALDI-TOF) (reviewed in Chorus and Bartram, 
1999; Nicholson and Burch, 2001).  Using such analytical instrumentation can also 
screen microcystins in complex samples (i.e. sediments) where a focus is on detecting 
compounds such as MMPB, which is formed after oxidation of the cyanotoxin 
(McElhiney and Lawton, 2005). Before analyzing samples with modern analytical 
instruments, a series of steps to purify the cyanotoxins is commonly employed, often 
using solid phase extraction (SPE) (Lawton and Edwards, 2001).  
 
Biological screening methods have been developed concurrently with analytical 
procedures often directed towards toxic and biological effects. Bacterial, invertebrate 
and mouse bioassays have all been used in the past but have been criticized for lacking 
sensitivity, specificity, and having ethical implications (reviewed in Chorus and 
Bartram, 1999; Lam et al., 2000; McElhiney and Lawton, 2005). The use of cell lines 
has been suggested as a suitable replacement for whole animal bioassays (Chorus and 
Bartram, 1999; Chong et al., 2000) in which rat, hamster or fish cells are used in 
cytotoxicity assays (Chorus and Bartram, 1999; Nicholson and Burch, 2001). 
 
Biochemical assays have also been utilized in screening nodularin and microcystin. The 
most common in current use is the inhibition of protein phosphatases (PP’s) using 
radiolabelled, colorimetric or fluorescent techniques. Inhibition of PP’s by nodularin 
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and microcystin provides biological relevancy, and is a simple and rapid assessment, in 
good agreement with other analytical methods (Ward et al., 1997; Wong et al., 1999; 
Dahlmann et al., 2001; Heresztyn and Nicholson, 2001; Lawrence et al., 2001; Rapala 
et al., 2002). However, cross-reactivity with other compounds and over-estimation of 
toxin concentrations has been reported (Nicholson and Burch, 2001).  
 
Immunological assays that utilize various Enzyme-Linked Immunosorbent Assay 
(ELISA) techniques have gained popularity as commercial kits have become available 
(Chorus and Bartram, 1999; Nicholson and Burch, 2001; McElhiney and Lawton, 
2005). Other methods have combined protein phosphatases and immuno-based 
detection to try to overcome cross reactivity (Metcalf et al., 2001).  
 
Nodularin degrades very rapidly in a natural environment (Heresztyn and Nicholson, 
1997) due to processes including: metabolizing enzymes; photooxidation processes in 
the presence of N. spumigena pigments (Twist and Codd, 1997); bacterial degradation 
(Miller and Fallowfield, 2001); and ozone (Rositano et al., 1998). Nodularin also 
absorbs to soil particles dependent on pH (Miller et al., 2001). 
 
Nodularin has an LD50 between 50-70 μg/kg body weight (ip mouse) (Eriksson et al., 
1988; Runnegar et al., 1988; DeMott et al., 1991). In aquatic animals such as 
zooplankton, nodularin LC50 values (24 hour) for Daphnia range from 0.57 – 14 μg/ml, 
dependent on species (DeMott et al., 1991), for Thamnocephalus platyurus (an 
anostracan crustacean) the 24 hour LC50 value was 1.4 μM (Blom et al., 2001) and for 
copepods, up to 2 μg/ml dependent on sex (Reinikainen et al., 2002; Ojaveer et al., 
2003). Copepods can survive on a diet of Nodularia although it is considered an 
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unsuitable food resource (Koski et al., 1999; Engström et al., 2000) that can reduce egg 
production (Sellner et al., 1996; Schmidt and Jónasdóttir, 1997; Koski et al., 1999). It 
has been suggested that copepod grazing causes minimal impact on N. spumigena 
blooms (Sellner et al., 1994), whilst a N. spumigena bloom seems not to effect copepod 
abundances, suggesting copepods may have evolved resistance mechanisms (Repka et 
al., 2004). Nodularin does accumulate in zooplankton (Karjalainen et al., 2003) and this 
has prompted research investigating whether nodularin can be transferred through the 
food web into higher organisms. Results from Engtröm-Öst et al. (2002) showed that 
nodularin does transfer from copepods to shrimp and fish, although accumulation over 
time was not evident in the fish. Further research from Karjalainen et al. (2005) showed 
that nodularin transferred from zooplankton into shrimp and fish using both pure 
nodularin and an extract of Nodularia.  
 
The few studies that have investigated the transfer of nodularin via the food web have 
indicated that nodularin does transfer to predators but does not accumulate up the food 
chain (to fish at least) and this maybe due to detoxification occurring in the predator or 
prey (Engtröm-Öst et al., 2002; Karjalainen et al., 2005). These studies are also in 
accordance with recently published work concerning microcystin accumulation 
(Ibelings et al., 2005). This being said, nodularin (like microcystin) does accumulate to 
quite high concentrations in the tissues of aquatic animals, and preferentially in specific 
organs. Bioaccumulation of nodularin has been shown to occur experimentally, and 
during blooms of N. spumigena in mussels, larger crustaceans and fish (Falconer et al., 
1992; Van Buynder et al., 2001; Sipiä et al., 2001a; 2001b; 2002; Kankaanpää et al., 
2002; 2005a; 2005b; Lehtonen et al., 2003; Svensen et al., 2005). 
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Uptake of nodularin induces toxicity beginning at the biochemical level, similar to that 
of microcystin. Cellular toxicity of nodularin and microcystin are reasonably well 
understood with many reviews being published (Fujiki et al., 1996; Kaya et al., 1996; 
Dawson, 1998; Sivonen and Jones, 1999; Duy et al., 2000; Lam et al., 2000; Haider et 
al., 2003; Gehringer, 2004; Wiegand and Pflugmacher, 2005). Nodularin uptake is 
considered mechanistically similar to microcystin and is limited from water into cells 
by passive diffusion (De Maagd et al., 1999). Nodularin distribution is more likely to 
occur from gastrointestinal uptake after ingesting algae or contaminated food. Once in 
the digestive system the toxin is taken up by an active transport system (Fujiki et al., 
1996) where it is preferentially distributed to the liver (Kaya, 1996; Dawson, 1998; 
Lam et al., 2000). Once in the hepatocytes, nodularin causes cellular damage by 
inhibiting a family of enzymes known as protein serine/threonine phosphatases (Ohta et 
al., 1994). These enzymes, located in the cytosol of the cell, work in tandem with 
kinases to regulate virtually every signaling pathway in eukaryotic cells, such as 
apoptosis, cancer development, circadian rhythm, carbohydrate and lipid metabolism, 
signal transduction, maintenance of the cytoskeletal structure, and cellular division 
(Gallego and Virshup, 2005).  The inhibition of protein serine/threonine phosphatases 1 
and 2A (PP1 and PP2A) causes serious damage to cell structure. Hepatocytes have a 
gridwork of protein strands that give structural shape to the cell (cytoskeleton) and 
consist of microtubules, intermediate filaments and microfilaments (Gehringer, 2004). 
When PP1 and PP2a are inhibited by nodularin or microcystin, changes to the 
intermediate filaments and microfilaments occur by hyperphosphorylation of 
cytoskeletal proteins (Dawson, 1998; Gehringer, 2004). This leads to cell structure 
deformation and cell morphology change, culminating in the collapse of sinusoidal 
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architecture, intrahepatic bleeding and finally, death by hemorrhagic shock (Wiegand 
and Pflugmacher, 2005).  
 
Nodularin is also known to induce apoptosis (regulated cell death) in hepatocytes 
(Fladmark et al., 1998) and work with microcystin has implicated oxidative stress as a 
contributor to apoptosis in cells (Ding and Ong, 2003; Gehringer, 2004). Oxidative 
stress is due to the formation of reactive oxygen species (ROS) or free radicals, which 
are generally very reactive molecules possessing an unpaired electron (see section 1.3 
below). Free radicals have been implicated in the etiology of many diseases because of 
the damage they impart to cellular DNA, proteins, carbohydrates and lipids (Holben 
and Smith, 1999). Damage to important cell components such as DNA and inhibition of 
protein phosphatases would promote cellular proliferation as tumorigenesis (Gehringer, 
2004). Nodularin is a well-known liver tumor promoter and is also regarded as a 
carcinogen (Ohta et al., 1994; Fujiki et al., 1996). This has led to research interest into 
what function nodularin may play in ROS formation and DNA damage. Using enzymes 
that respond and change accordingly to free radical presence has led Lankoff et al. 
(2002) to show that nodularin does indeed appear to generate free radicals and 
oxidative stress in mice. Further work in rats by Bouaïcha and Maatouk, (2004) 
compared intracellular ROS formation and damage to microcystin and nodularin, and 
showed that microcystin induced a greater ROS formation than nodularin. Support for 
the theory that nodularin can induce ROS formation leading to DNA damage has been 
presented by Maatouk et al. (2004) who treated rats with nodularin and microcystin and 
measured increases in 8-oxy-7,8-dihydro-2’-deoxyguanosine (8-oxy-dG). More 
recently, Bouaïcha et al. (2005) showed in vitro that nodularin induced prominent 
increases in 8-oxy-dG to that of microcystin but in vivo the effect was observed later 
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with nodularin. The work of Bouaïcha et al. (2005) also included whether nodularin or 
microcystin could covalently bind to DNA and form DNA adducts.  They concluded 
that nodularin and microcystin did not cause DNA adduct formation and that nodularin 
causes genotoxicity as a consequence of secondary effects and not by direct attack on 
DNA.  
 
Although no reported human deaths have been attributed to nodularin, unlike that of 
microcystin (human fatalities in Brazil) (Jochimsen et al., 1998; Pouria et al., 1998), 
the link to nodularin induced genotoxicity and tumorigenesis could pose serious long-
term health affects to humans and other life. Nodularin has been found to be more 
easily taken up into liver hepatocytes than microcystin (Fujiki, 1996) and following 
uptake the fate and effects are largely dependant on the effectiveness of 
biotransformation into a less toxic form that is more water soluble and easier to 
eliminate. Research into the biotransformation of nodularin has closely followed that of 
microcystin. It has generally been accepted that detoxification of microcystin and 
nodularin occurs under Phase II reactions (Section 1.3). Initial work by Runnegar et al. 
(1987) using rat hepatocytes showed depletion of the endogenous tripeptide, 
glutathione (GSH), by toxins from Microcystis aeruginosa. Kondo et al. (1992) later 
showed that microcystin could conjugate with GSH under chemical (non-enzymatic) 
conditions and this was followed by Pflugmacher et al. (1998) who discovered that a 
microcystin-GSH conjugate could be formed enzymatically, catalytically driven by 
glutathione S-transferase (GST).  However, the search for nodularin Phase II 
detoxification has resulted in conflicting reports. Modern analytical techniques have 
identified nodularin-GSH or nodularin-cysteine conjugates in mussel samples 
(Kankaanpää et al., 2001; Sipiä et al., 2002a; Karlsson et al., 2005) and supported by 
some enzyme studies indicating nodularin-GSH conjugation occurring (Beattie et al., 
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2003; Pflugmacher et al., 2005) but this is in striking contrast to other work that shows 
no nodularin conjugated products in molluscs or plants (Pflugmacher et al., 2001; 
Lehtonen et al., 2003).  
 
A number of other studies have investigated nodularin toxicity using a range of other 
physiological and biological parameters in aquatic species. Neurotoxic effects have 
been considered, with nodularin reported to change acetylcholinesterase levels 
(Lehtonen et al., 2003). Ojaveer et al. (2003) showed that N. spumigena and nodularin 
exerted a harmful influence on the development and hatching of fish. Karjalainen et al. 
(2005) also demonstrated that a N. spumigena extract caused an impact to fish growth 
greater than digesting food laden with pure nodularin and Kankaanpää et al. (2002) 
demonstrated the acute toxic effects of N. spumigena and nodularin to fish. 
 
1.2.3  Lipopolysaccharides (LPS) 
 
Lipopolysaccharides are a normal component of gram-negative bacteria and are also an 
integral constituent in the walls of cyanobacteria. LPS has been extracted from 
Microcystis, Anabaena and Anacystis (Kaya, 1996) and would be expected in N. 
spumigena. LPS is comprised of polysaccharide moieties and lipid A (Figure 1.4) with 
the latter being identified as the toxic component (Raziuddin et al., 1983). LPS causes 
inflammation by activating immunological, cellular and hormonal systems (Kaya, 
1996). In humans and experimental animals, LPS causes fever, hypotension, 
disseminated intravascular coagulation, abnormal glucose levels, and metabolic 
changes. In high doses LPS causes shock and death (Kaya, 1996). LPS can also cause 
irritation to exposed tissue as well as gastrointestinal problems (Codd et al., 2005; 
Wiegand and Pflugmacher, 2005).  Few studies have specifically investigated the 
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toxicity of cyanobacterial LPS exposure. Stewart et al. (2005) in a review has 
investigated the human health risks from LPS. Raziuddin et al. (1983) has shown that 
cyanobacterial LPS is less toxic than Salmonella LPS. Cyanobacterial LPS can interfere 
with fish cardiology function and drinking rates (Best et al., 2001; 2003) and can effect 
the Phase II detoxification enzymes to a greater degree than enterobacterial LPS (Best 
et al., 2002). Researchers using cyanobacterial extracts have also concluded that LPS 
causes modulating of Phase II detoxification enzymes (Pietsch et al., 2001) and affects 
gill ion transport in fish (Bury et al., 1998). 
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Figure 1.3: Structure of nodularin 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.4: Structure of LPS 
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1.3 Potential use of biomarkers in N. spumigena toxicity studies 
 
Biomarkers and biomarker responses are generally sub-organismic changes, such as 
those occurring at the molecular, biochemical, cellular or physiological level. 
Biomarkers can be measured in cells, body fluids, tissues, or organs in animals or plants 
and can reflect changes to a biological system from an exogenous xenobiotic exposure 
before a toxic effect manifests itself at a higher level (Forbes and Forbes, 1994). 
Organisms or communities of organisms that react to an environmental effect by 
changing their biological functions and/or their chemical composition are referred to as 
“bioindicators” and can be used to indicate ecosystem change, as sentinels in 
monitoring pollutants in the environment and as test organisms in standardized 
laboratory based ecotoxicology investigations (Lam and Gray, 2003).  
 
The purpose of biomarkers is to be able to measure biological effects of a chemical 
considering its toxicity and exposure period (Lam & Gray, 2003). An ideal biomarker 
should be able to help predict the impact of a toxicant on the individual organism and 
preferably through to a population, community or ecosystem level.  The main 
advantage of the use of biomarkers is their relevance to living organisms. Whilst 
traditional physical and chemical measurements are important, a tangible link exists 
between environmental pollution threats and the measurement of toxicity in living 
organisms, which ultimately aids management and community understanding of toxic 
chemicals in the environment.  
 
Sequentially, changes to an individual from a toxicant would likely to first be seen at 
the molecular / genetic level, followed by cellular, tissue, organ and whole body. A few 
 - 21 -
biomarkers can be very specific to show a cause and effect relationship between 
biological response and a toxicant (i.e. the enzyme aminolevulinic acid dehydratase  
{ALAD} and its inhibition from lead exposure). Many other biomarkers are less 
specific but can be a useful index to the organisms concerned by indicating the 
presence of a chemical that may cause a potential impact. As such, biomarkers may act 
as an early warning system prompting further studies into identifying the toxic 
substances, their likely sources and the appropriate management action (Di Giulio et 
al., 1995).  Biomarkers can be grouped into various classes such as molecular, 
biochemical, histo-cytopathological, physiological and behavioral. Organisms in the 
natural environment vary their physiological and behavioral responses in line with 
natural environmental changes and generally combinations of various biomarkers, 
along with chemical data are frequently used in environmental monitoring of chemical 
hazards as recommended (Forbes and Forbes, 1994). 
 
1.3.1 Biochemical Biomarkers 
 
Biochemical biomarkers use an extensive range of endogenous compounds such as 
proteins and enzymes and have gained increased recognition into their usefulness in 
elucidating the mechanistic effects of algal toxins. A number of remarkable proteins 
and enzymes have been developed in most organisms to transform potentially 
dangerous lipophilic xenobiotics into more hydrophilic metabolites that are easier to 
excrete (Di Giulio et al., 1995). Biotransformation of toxicants is seen as a biphasic 
process, where xenobiotics undergo two main types of transformation before 
elimination.  Phase I biotransformation utilizes a family of enzymes known as the 
mixed function oxygenase (MFO), where oxidation, reduction and hydrolysis of a 
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xenobiotic is undertaken, with the primary function to add or expose functional groups 
(e.g. – OH, -SH, -COOH, -NH2) (Sipes and Gandolfi, 1986). The addition or exposure 
of a functional group enables the metabolite to undergo a Phase II biotransformation. 
Phase II reactions act directly on the xenobiotic or the transformed metabolite from the 
Phase I reaction. Phase II reactions are generally enzyme driven and bind toxicants to 
peptides, amino acids, sulfate and sugar derivatives, rendering them more water soluble 
and easier to excrete. The main enzyme families that carry out Phase II 
biotransformation are the Glutathione S-transferase, Epoxide hydrolases, UDP-
Glucuronosyltransferases, and Sulfotransferases (Di Giulio et al., 1995).  
 
The glutathione S-transferase (GST) family are an important, ubiquitous group of 
cellular enzymes existing in soluble (cytosolic) and microsomal forms. Varieties of 
GST forms exist with high activities and are found in the liver and hepatopancreas of 
aquatic animals (Di Giulio et al., 1995). GST has multiple roles in cellular protection 
such as the transport of endogenous and exogenous lipophilic compounds to sites where 
Phase I metabolism occurs, covalently bonding to Phase I intermediates to reduce 
damage to DNA and also catalyzing the conjugation of xenobiotics with glutathione 
(GSH) during Phase II detoxification.  GSH is a tripeptide molecule composed of the 
amino acids glutamate, cysteine and glycine and forms covalent bonding to compounds 
exhibiting an electrophilic carbon atom. The glutathione conjugate further undergoes 
modification by cleaving the cysteine derivative and undergoes acetlylation to give a N-
acetylcysteine (mercapturic acid) conjugate that is readily excreted into the urine (Sipes 
and Gandolfi, 1986). Laboratory and field studies in recent years have suggested that 
the measurement of GST and GSH maybe useful to indicate chemical exposure to 
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aquatic animals (Sheehan and Power, 1999) and this has gained support from workers 
in the field of cyanotoxin research (section 1.2.2). 
 
Another important set of biochemical biomarkers focus on oxidative stress in 
organisms. In eukaryotes, oxygen is essential in mitochondrial respiration where, 
during oxidative phosphorylation, it is reduced to water. During the reduction of 
oxygen to water, sequential intermediates are produced that are highly reactive and in 
many cases deleterious to cell components. Such reactive species are known as free 
radicals and include the super oxide anion (O2
. _ ) and the hydroxyl radical (. OH). 
Hydrogen peroxide (H2O2) is generally also included as a oxyradical because of its 
involvement as a precursor to . OH (Di Giulio et al., 1995). Importantly, from a 
toxicological viewpoint, many different chemicals have been identified as enhancing 
oxyradical formation, which potentially leads to oxyradical damage. Moreover, some 
xenobiotics can be reduced to a free radical form once inside the cell. The reduced 
metabolite can directly damage cell components or subsequently donate its unpaired 
electron to oxygen, thus generating the super oxide anion (O2
. _ ) and thereby returning 
the xenobiotic to its parent state. Known as redox cycling, the xenobiotic can again 
continue in this “futile” cycling process (Di Giulio et al., 1995). Free radicals can 
directly attack important cell structures such as membrane phospholipids, proteins and 
nucleic acids (DNA damage) (De Zwart et al., 1999).  
 
The direct assault of free radicals on unsaturated lipid material can lead to lipid 
peroxidation. The initiation of a chain reaction through the abstraction of a hydrogen 
atom from a polyunsaturated fatty acid (PUFA) leads to a lipid radical that strongly 
reacts with oxygen to produce a peroxy radical that can readily extract a hydrogen atom 
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from another PUFA. Lipid hydroperoxides are eventually degraded to a variety of 
products including alkanals, alkenals, hydroxyalkenals, ketones and alkanes (Di Giulio 
et al., 1995).  
 
Oxyradical formation can also directly attack proteins. When this occurs, oxidative 
modifications to amino acid side chains, peptide cleavages and lipid or carbohydrate 
oxidation products can be formed. Such modifications typically increase the number of 
carbonyl groups on proteins and have been associated with human pathological 
disorders such as rheumatoid arthritis (De Zwart et al., 1999). 
 
Fortunately, aerobic organisms have developed a broad range of antioxidant protective 
mechanisms, some being utilized as biochemical biomarkers. These antioxidant 
defenses are highly regulated and very responsive to oxyradical production and can be 
classified into three groups (1) water soluble reductants such as vitamin C (ascorbate), 
uric acid and glutathione; (2) lipid soluble radical scavengers such as vitamin A (β-
carotene) and vitamin E (α-tocophenol); and (3) the antioxidative enzymes such as 
superoxide dismutase (SOD), catalase (CAT), glutathione reductase (GR), DT-
diaphorase (DTD) and the peroxidases (such as glutathione peroxidase {GPx} and 
ascorbate peroxidase {AsPx}) (Di Giulio et al., 1995). An imbalance between low 
antioxidant defense and the high production of oxyradical species acerbates oxidative 
stress to an organism. 
 
Enzyme biomarkers have recently gained popularity in investigating potential 
oxyradical damage from cyanobacteria and their toxins (section 1.2.2). GSH plays a 
multiple role in Phase II detoxification and can directly scavenge free radicals. It also 
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plays an important role as a cofactor in reducing peroxides under catalysis from GPx. 
Glutathione peroxidases are selenoproteins that exist as 4 distinct enzymes (cellular 
GPx, extracellular GPx, phospholipid hydroperoxide GPx and gastrointestinal GPx), all 
of which have specific roles in protection against free radical attack and peroxidation 
(Holben and Smith, 1999). Along with GPx, the enzyme catalase (CAT) is also 
valuable in detoxifying peroxides arising from fatty acid oxidation. Superoxide 
dismutase (SOD) is another important metalloenzyme that is pivotal in catalyzing the 
superoxide anion (O2
. _ ) to peroxides where other enzymes (i.e. CAT, GPx) can further 
detoxify this dangerous compound. 
 
1.3.2 Molecular Biomarkers 
 
Environmental pollutants can also disrupt the integrity of DNA by direct toxicity or the 
formation oxyradicals and is of intense research interest due to links with tumor and 
cancer formation. The antioxidants mentioned earlier have the ability to reduce damage 
to DNA, but DNA itself also has some self-repair mechanisms to combat xenobiotic 
assault. Within this area of environmental genotoxicology, molecular biomarkers have 
been developed that utilize a variety of physical change to DNA as a fingerprint of 
toxic affect.  
Structural modifications to DNA can be one molecular biomarker. In this case, some 
genotoxicants have the ability to covalently bind to DNA and form what is called a 
DNA adduct and a number of methods are in use to detect such adducts (i.e. 32P-
postlabeling). Another form of DNA modification can be direct attack by free radicals 
on DNA bases of which the most common is the hydroxylation of guanine to form 8-
hydroxy-2-deoxyguanosine (8-OHdG). As a consequence, the quantification of levels 
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of 8-OHdG in cellular DNA has been used as an invaluable biomarker for oxidative 
stress, especially stress that is mediated through the production of free radicals 
(Shugart, 2000). Exposure to genotoxicants and free radical attack may also cause other 
structural aberrations to DNA such as direct breakage to DNA strands or xenobiotic 
modified bases (other than adducts) (Shugart, 1995). A number of molecular assays 
have been developed to detect the number of strand breaks (i.e. alkaline unwinding, gel 
electrophoresis and COMET assays) although interpretation is not straight forward, as 
discrimination between normal metabolic activity and toxic affect has to be 
characterized (Shugart, 2000).  
 
Environmental stress and a range of toxicants can also affect the expression of many 
different genes. A variety of techniques have been developed to examine alterations in 
gene expression as a result of exposure to chemical agents or other stressors such as 
oxidative stress (e.g. early stress response genes, DNA microarray technology) and this 
is an emerging area of environmental genotoxicology (De Zwart et al., 1999). 
 
1.4 Gippsland Lakes – General Description 
 
The Gippsland Lakes are a series of large estuarine lagoons situated in the southeastern 
corner of Australia about 200 km east of the capital city of Melbourne in the state of 
Victoria. These coastal lagoons are approximately 69 km in length and 10 km wide at 
their broadest point and separated from Bass Straight by a system of sandy barriers 
(Figure 1.5). Three major lakes, with surface areas of 148, 75 and 98 km2 respectively, 
constitute the majority of the total area of the Gippsland Lakes (364 km2). The lakes are 
generally shallow, with Lake Wellington in the west having an average depth of 2.6m, 
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Lake Victoria, 4.8m and Lake King, 5.4m (Webster et al., 2001). At the eastern end of 
the Gippsland Lakes is a man-made channel (Lakes Entrance), which has been 
maintained open since its construction in 1889, therefore maintaining a strong salinity 
gradient running east to west along the Gippsland Lakes system. Flow from 5 major 
rivers drain 20,600 km2 of catchment and represent about 9% of the total land area of 
Victoria (Webster et al., 2001).   
 
The Gippsland Lakes are regarded as an important ecosystem in terms of 
environmental, economic, cultural and social values. Its wetlands are listed under a 
number international convention treatise including the RAMSAR convention, the Japan 
Australia Migratory Bird Agreement (JAMBA) and the China Australia Migratory Bird 
Agreement (CAMBA) (Anon, 2002). The Gippsland Lakes are recognized as an 
important nursery ground for a diverse selection of aquatic species, some with 
commercial importance (Rigby, 1982; Ramm, 1983; Coutin et al., 1996) and has been 
known as an important tourist destination that brings economic and employment 
benefits to local communities in the region. As such, a number of reviews have 
identified major environmental pressures and associated problems that pose a threat to 
the integrity of the Gippsland Lakes ecosystem (Harris et al., 1998; Webster et al., 
2001). 
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Figure 1.5: Location of the Gippsland Lakes, Victoria, Australia 
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1.4.1 Nodularia spumigena blooms in the Gippsland Lakes 
 
Algal blooms frequently occur in the Gippsland Lakes and have been noted since the 
19th century (Chessman, 1988) with the most recent major bloom occurring in 2002. 
Scientific investigations into cyanobacterial blooms have been documented since 1971 
with the predominant cyanobacterium being identified as N. spumigena. Chessman 
(1988) reviewed the N. spumigena blooms from 1965 to 1988, with emphasis on 
identifying bloom development and environmental conditions attributed to biomass. 
Government and community have a strong interest in blooms of N. spumigena in the 
Gippsland Lakes because of the potential threat to human health and economic 
consequences, and algal bloom contingency plans are in place (Thomas, 2000). Reports 
of dog mortalities (Falconer, 1988) and aquatic life deaths (Norman, 1988) have been 
associated with N. spumigena blooms in the Gippsland Lakes as well as anecdotal 
evidence of human illness (e.g. skin rash, gastrointestinal problems) (pers. com. K. 
Thomas). Scientific investigations into the toxicity of N. spumigena from the Gippsland 
Lakes are scant. Norman (1988) reported that previous blooms of N. spumigena were 
toxic using unspecified toxicity tests (probably bioassays). A recent study from Van 
Buynder et al. (2001) demonstrated accumulation of nodularin in prawns and mussels 
collected during a Gippsland Lakes N. spumigena bloom, with emphasis on deriving 
safe levels for human seafood consumption. Paradoxically, current algal contingency 
plans rely on cell count to derive health alert levels (Thomas, 2000) rather than 
nodularin toxin concentrations in water or biota. No known scientific research into N. 
spumigena has been conducted to investigate the survival or sublethal effects on 
endemic aquatic species in the Gippsland Lakes, although mortality to crustaceans, 
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molluscs and fish have all been attributed to N. spumigena blooms, which may cause 
ecosystem disturbance (Norman, 1988).  
 
1.5 Potential use of bioindicator species in N. spumigena toxicity studies 
The use of appropriate indicator species for N. spumigena toxicity studies is essential in 
the field of aquatic toxicology. The choice of species needs to be representative of 
fauna that could be exposed to toxins from N. spumigena. Bioindicators chosen within 
this thesis were from different trophic levels that could potentially be exposed to N. 
spumigena blooms, not only from the Gippsland Lakes but also worldwide. First order 
consumers such as filter feeding mussels were used in experimental chapters. These 
groups of animals are most likely to endure and graze on toxic cyanobacteria. Where 
possible, Mytilis edulis was used. This species is typical of an indigenous mussel that 
would experience blooms of N. spumigena. Other experiments carried out in Hong 
Kong used Perna viridis, as M. edulis was not available. These experiments were 
necessary for thesis progression, as expertise and resources were not available in 
Australia. Although not a species that typical would endure N. spumigena blooms, it is 
similar to M. edulis in that it exists in low intertidal estuaries and may survive in similar 
conditions that could form N. spumigena blooms (warm, nutrient rich waters). 
Furthermore, the species has a close relative (P. canaliculus) that is endemic to New 
Zealand waters (Siddall, 1980), where blooms N. spumigena have previously been 
described (Carmichael, 1988). Both mussel genera have been used in algal toxin 
research (Amorim and Vasconcelos, 1999; Carvalho Pinto – Silva et al., 2003) and 
have been assessed for potential pollution biomarkers (Fitzpatrick et al., 1997; Filho et 
al., 2001). Another, primary consumer susceptible to N. spumigena blooms are 
zooplankton (copepods). These groups of animals were selected for their importance in 
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the food web and were collected from the same location as known N. spumigena 
blooms. Higher order animals such as shrimp, prawn and fish were all collected from 
known N. spumigena bloom locations and the potential effects of N. spumigena on 
these species is generally unknown. These higher order animals were also selected for 
their commercial value and relationship to the ecosystem food web. 
 
1.6 General Conclusion 
 
Aquatic ecotoxicology recognizes the need to investigate not only man-made pollutants 
but also other toxins that may originate from other sources, such as cyanobacteria. 
Toxic constituents from cyanobacteria are known to cause death and sublethal effects to 
life, although plants and animals have adapted defense mechanisms to minimize 
cyanobacterial poisoning. N. spumigena is a known toxic cyanobacterium and causes 
blooms in many parts of the world including the Gippsland Lakes in Australia. Due to 
this, research into N. spumigena has gained momentum over the last few decades to try 
and elucidate its toxic mechanisms and fate in biological systems and the environment. 
Investigation into specific cellular and molecular biomarkers may help advance our 
understanding of N. spumigena toxicity and its fate in living systems. The use of 
biomarkers may also enable a quantifiable measurement of biological effects in certain 
species upon exposure to toxins from N. spumigena. 
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1.7 Project Aims 
 
The current project used techniques that measure and explain the toxic effects of N. 
spumigena and a soluble extract of N. spumigena on a range of aquatic life at various 
trophic levels.  
 
The overall aims of this research were:  
1. Give insight into the biological threats of N. spumigena to aquatic fauna 
2.  Advance our understanding into the marine animals defensive mechanisms 
against N. spumigena 
3. Provide knowledge that can be used in managing N. spumigena blooms 
 
In sequence, each chapter addressed specific aims that progressed knowledge for 
following research chapters. Experimental chapters followed Chapters 1 and 2 and their 
aims were: 
• Chapter 3: Investigate a novel approach to measure the main toxic solute, 
nodularin from N. spumigena. The aim was to provide an improved 
analytical technique that could be used by regulatory or 
management bodies in assessing nodularin levels in the 
environment.  
 
• Chapter 4:  Research into whether a toxic solute of N. spumigena was lethal to 
a select species of aquatic life from the Gippsland Lakes, Victoria, 
Australia. The aim was to provide information that could be used 
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in ecological risk assessment of nodularin in the Gippsland Lakes 
or similar locations. 
 
• Chapter 5:  Research measuring the biological sublethal effects of an extract of 
N. spumigena on species from the Gippsland Lakes. The aim was 
to give further understanding of the sublethal consequences of N. 
spumigena on selected marine life at concentrations relevant to the 
aquatic environment. 
 
• Chapter 6: Using the green lipped mussel (Perna viridis) as a bioindicator 
species, the effects of a lysis of N. spumigena was tested on 
selected biomarkers. The aim was to assess the usefulness of the 
selected biomarkers for N. spumigena biomonitoring. A secondary 
aim was to gain understanding of the uptake of toxic solutes from 
N. spumigena by a sessile marine species  
 
• Chapter 7  The final experimental chapter provided further scientific 
evidence of mode of uptake of N. spumigena toxins. The aim was 
to further understand the mode of uptake of toxins from N. 
spumigena by feeding the green lipped mussel with the 
cyanobacteria. 
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Chapter 2: General Materials and Methods. 
 
2.1 Preparation of Nodularia spumigena Crude Extract: Chapters 4 - 6 
 
A N. spumigena extract was used as the toxicant in Chapters 4, 5 and 6 and was 
obtained from the collection of N. spumigena on the 6th February 2002 at Chinaman’s 
Creek, Metung in the Gippsland Lakes. The N. spumigena was scooped up from a 
heavy surface scum by using a dip net and placed into large dark coloured plastic bags. 
These bags were tied and placed on ice and immediately returned to the MAFRI 
research station in Queenscliff, Victoria. Once at the research station, qualitative 
determination was undertaken before the N. spumigena was dispensed into 5 L beakers 
and frozen in a –80oC freezer for later use.  
 
Liberation of the soluble contents from the cyanobacteria was similar to that of Pietsch 
et al. (2001). N. spumigena cells were repeatedly freeze-thawed at –80oC to room 
temperature a total of 5 times. During the process the thawed cyanobacteria were 
sonicated each time for 5 min in a Crest 950HT® Ultrasonicator and homogenized for 2 
min at 24000 rpm using a IKA T25® Ultra Turrex® homogeniser. The soluble fraction 
was centrifuged at 14000 rpm for 20min at 4oC in a Beckman-Coulter® Alegra® 21R 
centrifuge to clarify the extract. The nodularin-bloom crude extract was stored at -20oC 
for future application. 
 
2.2 Determination of Nodularin in Tissue and Water Samples and a N. spumigena 
Extract: Chapters 3 - 7 
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Nodularin content within water samples and a N. spumigena extract were kindly 
characterized by Geoff Eaglesham at QHSS, Queensland, Australia. Mussel and 
barnacle tissue samples were sent to QHSS frozen, on ice and analysed using HPLC / 
MS (Chapter 4). Mussel and barnacle samples were thawed, carefully removed from 
their shells and accurately weighed on an analytical balance. Three mussels from each 
location and collection date were wiped dried with tissue and placed into centrifuge 
tubes separately.  Ten barnacle tissue samples were also treated in the same manner and 
pooled into one centrifuge tube. A 50ml volume of 80% methanol was added and the 
molluscs were macerated at high speed using an Ultra Turrax® macerator. The 
centrifuge tubes were placed into a Beckman centrifuge and centrifuged for 10 min. 
The clarified mussel extract and barnacle tissue samples was decanted separately from 
their centrifuge tubes and pooled for specific sites and dates. The pooled tissue extracts 
and the N. spumigena extracts described above in Section 2.1 were passed through C18 
SPE cartridges to retain and concentrate the cyanotoxin. The C18 cartridges were then 
washed with Milli Q water before the nodularin was eluted with approximately 5 ml of 
100% methanol. The eluted nodularin was further purified by drawing the solution 
through a Millex HV® 0.45 μm Millipore syringe filter. Water samples also taken from 
the Gippsland Lakes were filtered with Millipore syringe filters prior to direct injection 
into the HPLC system for nodularin analysis.  
 
HPLC analysis of nodularin was undertaken using an Altima C18 column (Alltech) that 
ran a gradient of 20% to 90% methanol HPLC water containing 5 mM ammonium 
acetate. The HPLC column was coupled via an electrospray source to an AB/Sciex 
API300 tandem mass spectrometer. Nodularin detection and quantification was through 
multiple reaction monitoring using the transitions 825.6 to 135.1 (quantitation) and 
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825.6 to 163.1 (confirmation), 825.6 is M+H+ for nodularin (MW 824.6). Quantitation 
was performed by comparing peak areas for the samples to those of peak areas from 
pure nodularin standards (Calbiochem) of known concentrations and expressed as ng of 
nodularin per g of tissue. 
 
Experiments conducted at City University of Hong Kong, Hong Kong (Chapters 3, 6 
and 7) analysed water and N. spumigena extract using a HPLC system, consisting of a 
Waters 600S controller, 626 pump, 717 autosampler and a Grom® 60 x 2 mm reverse 
phase column, packed with 3μm Grom®-Sil 100 ODS. Detection of nodularin was 
achieved using a Waters 996 DAD multi-scanning UV detector, scanning a wavelength 
between 210 and 280 nm, with optimal wavelength detection set at 238 nm. Elution of 
analytes used a modified gradient where a mobile phase of methanol and water was run 
on a gradient from 20:80 to 80:20 methanol:water for 12 min. The mobile phase was 
sparged with hydrogen at a rate of 7  ml/min to remove air. Identification of nodularin 
in the crude extract was compared from the retention times and DAD detection of a 
pure nodularin standards (Calbiochem® USA). Quantification of nodularin in the crude 
extract was determined by constructing standard curves of pure nodularin 
(Calbiochem® USA) and fitting the peak responses of the crude extract into the linear 
equation to solve for the unknown extract samples.  
 
2.3 Pacific blue mussel (Mytilis edulis) collection and laboratory experimental 
conditions: Chapters 4 and 5 
 
The Pacific blue mussel (M. edulis) (length 69.7 ± 6.8 mm) was supplied by a local 
commercial mussel farm at Portarlington, Victoria and transferred in damp Hessian 
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bags to the MAFRI research facility. Site location of the chosen mussels was regarded 
as an unpolluted site for N. spumigena blooms. Mussels were placed in a large 100 L 
plastic tank with continuously flowing seawater, extracted from Port Phillip Bay and 
filtered to 40 μm and acclimatised for 3 days before experimentation. 
 
2.4 Green lipped mussel (Perna viridis) collection and laboratory experimental 
conditions: Chapters 5 - 7 
 
Green lipped mussels (P. viridis) were collected from a mussel farmer in Kat O, Hong 
Kong and transferred in a cool container to the City University of Hong Kong marine 
laboratory. The laboratory was maintained at a constant temperature of 20±1oC. 
Experimental seawater was collected at Sai Kung and Ocean Park in Hong Kong and 
stored in a 200 L fibreglass-holding tank equipped with a sand and activated charcoal 
decontamination module. Mussels were sorted into a size class between 7 – 10cm shell 
length before removal of epibionts and byssus. Mussels were placed into a 300 L 
holding tank containing aerated, recirculated seawater and acclimated for one week. 
Seawater was slowly adjusted to a salinity of 25 ± 2 ppt similar to the N. spumigena 
bloom from the Gippsland Lakes, Victoria, Australia. Water was changed every 2 days 
and mussels fed 4 hours prior with Dunaliella tertiolecta. The water was monitored for 
oxygen, pH and salinity in the holding tank to ensure conditions were maintained. 
Mussels were distributed into treatment tanks that were 60 L glass aquaria that were 
previously washed with tap water followed by an acetone rinse before being soaked 
with tap water overnight to ensure tanks were free of contaminants. 
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2.5 Estuarine Shrimp (Macrobrachium intermedium) collection and laboratory 
experimental conditions: Chapters 4 and 5 
 
Estuarine shrimp (M. intermedium) were commercially netted by a fisherman along the 
littoral zone of Lake King in the Gippsland Lakes and placed into holding tanks at 
Swan Reach, Victoria. About 300 shrimp were collected and transported to the Marine 
and Freshwater Research Institute (MAFRI) in an aerated carrier, containing the same 
water from the holding tanks, kept cool with a little ice under moist paper.  Estuarine 
shrimp were transferred into a large holding tank (60 L) containing seawater, filtered to 
40 μm and diluted with Milli Q water to the same salinity as the original Lake King 
water (22 ppt) and aclimatised for 1 week. 
 
2.6 Animal Preparation and dissection for enzyme studies: Chapters 5 - 7  
 
After exposure to specific treatments, outlined in each chapter, animals were either 
frozen or dissected immediately. Fish euthanasia was undertaken in a bath of 
benzocaine hydrochloride (> 250 mg / L) RMIT policy in 2001 when the experiments 
were conducted did not require an animal ethics approval. In Chapter 5, Black bream 
(Acanthopagrus butcheri) were collected and the liver of the black bream was excised 
and frozen in liquid nitrogen.  The blue mussel (M. edulis) and the estuarine shrimp (M. 
intermedium) were also frozen whole in liquid nitrogen for later analysis. In Chapters 6 
and 7, green-lipped mussels (P. viridis) were immediately placed on ice after toxin 
exposure and tissue removed. Thawed or fresh test animals were kept on ice during 
excision and approximately 100 mg of tissue was excised and kept on ice for all 
biochemical assays. Dissected tissue was immediately placed into petri dishes 
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containing cold (4oC) isotonic saline (0.9% NaCl / L) to wash and inhibit enzyme 
activity. Samples were transferred to Eppendorf tubes with 1 ml of a cold 
homogenization buffer (pH 7.4) containing 50 mM potassium phosphate and 150 mM 
potassium chloride. Tissue was macerated using a Ystral® X10/25 homogeniser under 
high speed. The Eppendorfs containing the homogenate were placed into a Beckman 
Coulter® Allegra® 21R centrifuge and pelletised at 14000 rpm for 20 min at 4oC. 
Clarified samples could be stored at -80 oC for subsequent analysis or immediately 
placed on ice for the biochemical assays. 
 
2.7 Detoxification and Oxidative Enzyme Studies: Chapters 5 -  7  
 
2.7.1 Determination of protein content 
 
Protein content was measured following an adaptation of the method of Bradford 
(1976) and was based on the photometric determination of protein content compared to 
a set of standards.  Dilutions of the clarified sample extract obtained in Section 2.2 were 
prepared in Milli Q® water. Usually a 1/100 or 1/50 was a sufficient concentration of 
protein to be measured photospectrally. Sets of protein standards were also prepared 
from bovine serum albumen (BSA) standards (Sigma diagnostics®) and reconstituted 
by adding 4.96 ml of Milli Q® water to give a stock concentration of 400 μg/ml. The 
stock protein standard was diluted with Milli Q® water over a range of concentrations 
to obtain an appropriate set of concentrations for the standard curve. An aliquot of 80 
μL of each sample or standard was pippetted into the wells of flat-bottomed sterile 96-
well microtitre plates (Sero-Wel® Bibby Sterilin Ltd., Stone, Staffs, UK) followed by 
20 μL of Bio-Rad protein assay dye reagent concentrate® (Bio-Rad Laboratories, Ca, 
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USA) to initiate the reaction. Reaction endpoint was determined after 10 min and 
protein content was measured by placing the microtitre plate into a Molecular Devices® 
Spectra MAX 340pc® plate reader (Molecular Devices, Crawly, West Sussex, UK). 
The plate reader was set on endpoint mode at a wavelength of 595 nm and a 
temperature of 30 oC. Samples were calculated from the standard curve as mg of protein 
after correction for the sample dilution factor. 
 
2.7.2 Glutathione S-transferase (GST) assay analysis 
 
The glutathione S-transferase assay was adapted from Habig et al. (1974) and 
performed in flat-bottomed sterile 96-well microtitre plates (Sero-Wel® Bibby Sterilin 
Ltd., Stone, Staffs, UK). Briefly, 10µl of sample, standard or Milli Q® water was placed 
into the microtitre wells. To this 180µl of 0.1 M potassium phosphate buffer (pH 7) 
containing 1 mM EDTA was added followed by 10µl of 20 mM reduced glutathione 
(GSH) (Roche Molecular Biochemical) and finally 10µl of 1-chloro-2,4-dinitrobenzene 
(CDNB) (Sigma, St. Louis, MO, USA) to begin the reaction. Once the reaction had 
begun the microtitre plate was immediately placed into a Molecular Devices® Spectra 
MAX 340pc® plate reader (Molecular Devices, Crawly, West Sussex, UK) and mixed. 
The plate reader was set on a kinetic mode at a wavelength of 340 nm and temperature 
of 30 oC for 10 min to measure increase in absorbance continuously.  Correction for any 
spontaneous reactions was made by subtracting the rate of absorbance in wells 
containing Milli Q® water from the sample wells. A unit of GST activity is defined as 
the amount of GST which catalyzes the formation of 1 μmol of the S – 2, 4-
dintrophenylglutathione product using 1 mM GSH and 1 mM CDNB substrates per 
minute at 30oC and hence expressed as mM/min. As measures of enzyme activity will 
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differ with amounts of sample investigated (e.g more sample, more enzyme activity 
measured), standardization using a measure of protein content was necessary (Section 
2.7.1). The measurement of protein concentrations as mg in each sample can then be 
applied to determine the specific activity of the GST enzyme for a particular sample. 
By definition, the specific activity of the enzyme will be given as mM/min/mg protein 
in the sample.  
 
2.7.3 Glutathione (GSH) assay analysis 
 
Glutathione (GSH) concentration was determined using the methods of Anderson 
(1985). A GSH standard curve was prepared in the range of 1 to 50 μM by diluting a 
500 μM GSH stock solution (Roche Molecular Biochemical) with 0.5% salicylic acid. 
The assay procedure involved adding 10 µl of sample, 10 µl GSH standard, or Milli Q® 
water (as a blank) into flat-bottomed sterile 96-well microtitre plates (Sero-Wel® Bibby 
Sterilin Ltd., Stone, Staffs, UK). This was followed by the addition of 30 µl of 15 mM 
cumene hydroperoxide (in 50 mM Tris-HCl), 5,5’-dithiobis (2-nitrobenzeoic acid) 
(DTNB) (Sigma, St. Louis, MO, USA), 60 µl of glutathione reductase (GR) (Roche 
Molecular Biochemical) and 200 µl of 0.3 mM NADPH. Completion of the reaction 
was over a 10 min period and measured using a Molecular Devices® Spectra MAX 
340pc® plate reader set at 412 nm in the endpoint mode and at 25ºC. Concentrations of 
GSH was determined from the established standard curve and standardized with protein 
content to be expressed as nmol / mg protein. 
 
2.7.4 Glutathione Peroxidase (GPx) assay analysis 
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GPx activity was determined according to the spectrophotometric method of Flohe and 
Gunzler (1984) that was slightly modified to measure total glutathione peroxidases 
(GPx). The assay assesses GPx catalysation of the reduction of cumene hydroperoxide 
(CH) (Sigma, St. Louis, MO, USA) to water and glutathione to its oxidized form 
(GSSG). Glutathione is recycled back to its reduced form by the catalytic activity of 
glutathione reductase (GR) (Roche Molecular Biochemical) at the expense of NADPH. 
GPx activity is related to the rate of NADPH consumption (to NADP+) monitored at 
340 nm. 20 µl of the sample or Milli Q® water (as blank) placed into the wells of a flat-
bottomed sterile 96-well microtitre plate (Sero-Wel® Bibby Sterilin Ltd., Stone, Staffs, 
UK). This was followed by the addition of 100 µl of GPx buffer (0.1 M potassium 
phosphate, 1 mM EDTA, pH 7), 20 µl GR in GPx buffer (2.4 U/  ml), 20 µl of GSH in 
MilliQ® water (10 mM) and 20 µl of NADPH in GPx buffer (1.5 mM). Initiation of the 
reaction was by addition of 20 µl of 15 mM cumene hydroperoxide. The rate of 
NADPH consumption was measured at 340 nm in the kinetic mode of the Molecular 
Devices® Spectra MAX 340 pc® plate reader at a temperature of 37ºC for 5 min. As a 
direct relationship exists between the maximal rate of NADPH consumption and GPx 
activity, one unit of GPx activity is defined as nmol of NADPH consumed/min/protein 
mg. 
 
2.7.5 Lipid peroxidation (LPO) assay analysis 
 
The LPO method was adapted from that of Esterbauer and Cheeseman (1990). A 
standard curve was prepared from a stock solution of 10 mM MDA (malonaldehyde) 
(1,1,3,3-tetraethoxypropane) in 1 % (v/v) sulfuric acid (Sigma, St. Louis, MO, USA) 
with Milli Q water.  200µl of tissue sample homogenate or prepared standards were 
 - 43 -
pippetted into Eppendorf tubes (or small glass vials). This was followed by the addition 
of 500 µl of 2 % 2-thiobarbituric acid (Sigma, St. Louis, MO, USA) (TBA) and 500 µl 
4.8 M trichloroacetic acid (TCA) (Sigma, St. Louis, MO, USA). The Eppendorfs or 
tubes were secured into a rack and placed into hot water (>95oC). Samples and 
standards were removed from heat after 30 min and cooled on ice for a further 10 min 
before transferring to a Beckman Coulter® Allegra® 21R centrifuge and pelletised at 
3,000 g for 10 min to remove precipitates. 200µl aliquots of the sample supernatant or 
standards were transferred into a 96 well microplate and the amount of MDA-TBA 
complex was ascertained by a Molecular Devices® Spectra MAX 340 pc® plate reader 
set at 535 nm in the endpoint mode at 37ºC. One unit of LPO was expressed as nmol 
MDA / mg protein. 
 
2.7.6 Super Oxide  dismutase (SOD) assay analysis 
 
The SOD assay was conducted according to Marklund and Marklund (1974), where 
SOD has the ability to inhibit the auto-oxidation of pyrogallol (Sigma, St. Louis, MO, 
USA).  SOD standards ranging from 0.5 – 12 U were prepared by diluting a 15,000 U 
SOD stock solution with a SOD buffer (6.2 mM Tris-HCl buffer and 1.25 mM 
diethylenetriaminepent acetate (DTPA) (Sigma, St. Louis, MO, USA)). TheSOD 
standards were buffered to pH 8.2.  
 
Sample homogenate (10 µl), SOD standard or SOD buffer (blank) was added to the 
wells of a sterile 96-well microtitre plate. To this was added a further 160 µl of SOD 
buffer and reaction started with the addition of 30 µl of pyrogallol (1.333 mM in 10 
mM HCl). The plate was read by a Molecular Devices® Spectra MAX 340 pc® plate 
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reader at 420 nm in the kinetic mode at 37ºC for 10 min. Inhibition of 50 % pyrogallol 
auto-oxidation is defined as 1 U of SOD activity and expressed as U / mg protein. 
 
2.7.7 Na+/K+ – ATPase assay analysis 
 
Na+/K+ – ATPase activity was measured by the ouabain – sensitive kinetic assay 
according to McCormick (1993). Gill samples were stored at –80oC for later analysis 
by placing into Eppendorf tubes containing cold SEI buffer (100 μL) prepared from 150 
mM sucrose, 10 mM EDTA and imidazole adjusted to pH 7.3. 
 
For the ATPase determination, three solutions were preprepared. Assay solution A 
contained 4 U lactate dehydrogenase / ml, 5U pyruvate kinase / ml, 2.8 mM 
phosphoenolpyruvate, 0.7 mM ATP, 0.2 mM NADH and 50 mM imidazole and was 
adjusted to pH 7.5. Assay Solution B containing the same chemicals as solution A but 
with the addition of 0.5 mM ouabain to inhibit the activity of ATPase, and finally the 
two assay solutions  (A and B) were separately mixed in a ratio 3:1with a previously 
prepared salt solution. The salt solution consisted of 189 mM NaCl, 10.5 mM MgCl2, 
42 mM KCl, and 50 mM imidazole adjusted to pH 7.5. Assay solutions A and B were 
kept at 25oC during the experiment using a hot water bath. Gill sample homogenates 
were prepared as described in Section 2.6 except that tissue was placed into 200 μl 
SEDI buffer (0.5 g sodium deoxycholate in 100 ml SEI) before homogenization and 
then centrifugation. The clarified extract was transferred to ice and a 25 μL aliquot was 
added separately to 4 wells of a flat-bottomed sterile 96-well microtitre plate (Sero-
Wel® Bibby Sterilin Ltd., Stone, Staffs, UK) and also kept on ice. The experiment 
required two microtitre wells to receive 100 μL of solution A, whilst the other 2 wells 
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received 100 μL of solution B before placing into the Molecular Devices® Spectra 
MAX 340 pc® plate reader (Molecular Devices, Crawly, West Sussex, UK) set in 
kinetic mode at 25 oC for 5 min. The linear slope of NADH disappearance in mOD per 
min was measured at 340 nm between 30 sec and 4 min. ATPase activity was 
calculated as the difference in ATP hydrolysis in the absence (Solution A) and in the 
presence of ouabain (Solution B) over protein content. ATPase activity was expressed 
as mOD / min / protein mg / L.  
 
2.8 Statistical  Analysis 
 
Parametric and non-parametric data were analysed using the STATISTICA (version 6) 
software package. Comparison of group data was performed using a one-way ANOVA. 
Isolation of statistically independent different groups was analysed by the post hoc 
Tukeys test. 
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Chapter 3: The Determination of Nodularin using SPME-HPLC 
 
Research from this Chapter has been submitted for publication in Water 
Research. 
 
3.1 Introduction 
 
Accurate determination of algal toxins such as nodularin is dependant on the methods 
of extraction, processing, and quantification. An overview of the methodologies and 
apparatus used by biologists and analytical chemists is given in this chapter. The aim is 
to describe the current techniques in measuring algal toxins and to summarise the 
advantages and disadvantages currently encountered with algal toxin determination. 
Moreover, a novel method is put forward as an alternative to other conventional means 
of measuring nodularin in water samples. 
 
Currently, a number of different methods have been developed for the quantification of 
cyanotoxins. The most commonly employed method is HPLC determination, but other 
analytical methods are currently used (e.g. LC / MS, GC / MS, TLC, NMR, MALDI-
TOF). Toxicity tests and bioassays are also in widespread use for cyanotoxin 
quantification and include the mouse bioassay, invertebrate bioassays (e.g. brine 
shrimp), bacterial bioassays (e.g. Microtox), biochemical assays (e.g. Protein 
Phosphatase Inhibition Assay), immunological detection (e.g. ELISA) and mammalian 
cells (e.g. rat cell cytotoxicity tests) (Harada et al., 1999). The appropriate use of any of 
the above methods depends on the selectivity and sensitivity required by the user. 
Several authors have compared different methods for microcystin and nodularin 
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analysis, (Ward et al., 1997; Dahlman et al., 2001; Lawrence et al., 2001) and their 
advantages, disadvantages and suitability have been reviewed (Lam et al., 2000). 
 
In the environmental assessment of cyanotoxins, it is standard procedure to first extract 
toxins from suspected water samples, blue – green algal cells or animal tissues. In the 
case of algal toxins, efficient extraction often employs methanol, and in the past butanol 
(Siegelman et al., 1984; Krishnamurthy et al., 1986). Traditional extraction processes 
typically produce large volumes of an organic solvent containing dilute cyanotoxin. 
Methods of reducing this volume have included rotary evaporation, air and nitrogen 
flow evaporation (Lawton and Edwards, 2001).  
 
Once the algal toxin is extracted from water, plant or animal tissue, the organic extracts 
typically go through a series of pre-concentration and clean–up steps, especially if the 
concentration of algal toxin is suspected to be low. Widespread use of solid phase 
extraction (SPE) techniques are typically employed. In this case, aqueous samples are 
passed though a SPE cartridge containing a specific sorbent material to retain the 
cyanotoxin. Once the cyanotoxin is retained in the SPE cartridge it can then be eluted 
and concentrated using a small volume of an appropriate organic solvent, thereby 
leaving contaminants such as pigments, dissolved organic carbon and salts contained 
within the cartridge. Although SPE has many benefits over other separation techniques 
such as Liquid Liquid Extraction (LLE), it still has its shortcomings. SPE cartridges are 
normally made of plastic that may absorb the analyte of interest (Arthur and Pawliszyn, 
1990) and Hyenstrand et al. (2001) demonstrated that the cyanotoxin microcystin could 
bind to plastic. SPE is generally not a single step method and requires the pre-filtration 
or centrifugation of samples to prevent clogging of pores in the sorbent. In many cases, 
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time-consuming operations such as preconditioning of cartridges, washing, elution, 
evaporation and concentration steps are carried out (Theodoridis et al., 2000). The 
multiple processes involved in using SPE can lead to a loss of algal toxin, the chance of 
contamination and an increased chance of human error. Recently, Heresztyn and 
Nicholson (2001) compared the use of SPE cartridges to an ultrafiltration method in 
cleaning up a cyanobacterial sample, but still had to first centrifuge and pass the 
supernatant through a 0.45 μm PVDF Acrodisc filter. 
 
Solid-phase microextraction (SPME) is another sorbent extraction technique first 
devised by Arthur and Pawliszyn (1990) in response to problems inherent with 
traditional sample extraction and preparation methods. Solid-phase microextraction has 
found many applications in the areas of chemistry, food and beverage technology, 
biomedical, biological and environmental research and has been reviewed by a number 
of authors (Pawliszyn, 1997; Peñalver et al., 1999; Prosen and Zupan-Kralj, 1999; 
Alpendurada, 2000; Lord and Pawliszyn, 2000; Theodoridis et al., 2000; Ulrich, 2000). 
Interest in the use of SPME for the detection of algal toxins is now emerging (Lam et 
al., 2000; Poon et al., 2001; Namera et al., 2002; Ghassempour et al., 2005). SPME 
aims to extract a sample from complex matrices (e.g. air, soil, water, blood, urine) via a 
polymer coating that is bonded to a support. The extraction (polymer) coating has been 
applied to the insides of vessels and tubing, suspended particles, disks and membranes, 
stirrers and fibres (Lord and Pawliszyn, 2000). The SPME coating partitions an analyte 
of interest from a complex medium until equilibrium exists between the coating and the 
sample matrix (e.g. water). After absorption onto the SPME coating the analyte of 
interest is desorbed into a conventional GC or HPLC for separation and quantification. 
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This chapter details research investigating an SPME-HPLC method for extraction of 
nodularin from water. Poon et al. (2001) demonstrated the effectiveness of SPME to 
extract microcystin from water. Nodularin is generally assumed to be similar to 
microcystin in terms of behaviour and toxicity, but nodularin does differ structurally 
from microcystin (Rinehart et al., 1988) and binds non-covalently to molecules (Bagu 
et al., 1997) while microcystin is known to bind covalently (MacKintosh et al., 1995; 
Runnegar et al., 1995). Initial experiments were to determine if nodularin would be 
absorbed from water by the SPME fiber and what optimal conditions would be best 
suited to obtain maximal extraction efficiency. Optimal extraction of nodularin from 
water by the SPME polymer coated fiber was determined by varying NaCl, pH and 
time. Successful extraction and quantification of nodularin from water by SPME – 
HPLC enabled the construction of standard curves of pure nodularin that could in future 
be used to measure unknown environmental samples. 
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3.2 Methods: 
 
3.2.1 Materials 
 
Nodularin was purchased from Calbiochem (La Jolla, Ca, USA). All reagents were 
HPLC or analytical grade. HPLC grade acetonitrile and methanol, analytical grade 
hydrochloric acid, sodium chloride and trifluoroacetic acid (TFA) were obtained from 
Riedel-de Haën (Seelze, Germany). Water was purified using a Milli Q purification 
system (Millipore, Bedford, Ma, USA) and used for all samples and stock preparation. 
Nodularin stock was made by adding 1 ml of 100 % methanol. Further dilution of 
stocks was made in 20 % methanol. Experimental standard curves were constructed 
using both fresh water (Milli-Q) and seawater, as field samples of nodularin would 
most likely be from a brackish or estuarine system. Pure nodularin (10 ppb to 1 ppm) 
was prepared in 50 % methanol and spiked into Milli-Q or seawater containing 30 % 
NaCl, pH 2 and left for 1 hour. All stock solutions were stored at –20oC. 
 
The SPME syringe holder and replaceable polymer coated extraction fibers were 
purchased from Supelco (Canada). Based on the previous work of Poon et al. (2001) 
and Namera et al. (2002), it was decided that Carbowax/templated (CW/TPR, 50 μm) 
coated fibers would be the most appropriate for nodularin extraction. A SPME – HPLC 
interface was purchased from Supelco (Canada) and coupled to the HPLC system. 
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3.2.2 HPLC Conditions 
 
The HPLC system consisted of a Waters 600S controller, 626 pump and 717 
autosampler. Separation of analytes was through a Saulle 40 x 2 mm column, packed 
with 3 μm Grom-sil 120 octyl-6. Detection of nodularin was achieved using a Waters 
996 DAD multi-scanning UV detector, scanning a wavelength between 210 and 280 
nm, with optimal wavelength detection set at 238 nm (Figure 3.1). Elution of analytes 
used a modified gradient of 20 % acetonitrile in Milli Q water and containing 5 % TFA 
as a mobile phase component. This was ramped up to 90 % acetonitrile in Milli Q water 
containing 5 % TFA over 8 min with a total run time of 15 min. Elution of nodularin 
was approximately 6 min (Figure 3.1).  
 
Nodularin standards were directly injected into the HPLC – DAD (Diode Array 
Detector) system to ensure that the set-up procedure was sensitive and responsive to 
nodularin concentrations. A standard curve of pure nodularin injected directly into the 
HPLC showed the set-up to be highly sensitive and linear in response (Figure 3.2). 
Different concentrations of NaCl and pH were also separately injected onto the HPLC 
column to ensure each variable did not interfere with the sensitivity of the HPLC 
column. Results from direct injections of pure nodularin with differing salt 
concentrations showed that only very high concentrations of salt (30 % w/w) had a 
significant decrease in column sensitivity to nodularin (Table 3.1). As the SPME 
method for nodularin extraction removes most salt from the polymer fibre, the results 
suggest that salt would not interfere with column sensitivity to nodularin. Similarly, 
low or high pH showed no differences between peak areas to nodularin (Table 3.2) 
suggesting that pH would also not interfere with nodularin quantification. 
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Figure 3.1: Diode Array Detector Ultra-Violet (DAD - UV) scan of wavelengths 210 – 
280 nm (axis z) show nodularin greatest UV absorbance around 6 min (x axis) at 238 
nm (Z axis).  
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Figure 3.2: Nodularin standard curve by direct injection into the HPLC – DAD. (n = 6 
± SD). 
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Table 3.1: HPLC – DAD response to 20 ng nodularin at different salinities by direct 
injection. 
 
 
Effects on Column 
Direct Injection Column Sensitivity to 
salt 
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Table 3.2: HPLC – DAD response to 20 ng nodularin at different pH by direct 
injection. 
 
 
 
 
 
 
Effects on Column 
pH + 0% NaCL 
pH effects on Response 
2 8 
47194 41571 
46488 40893 
45508 47925 
Pe
ak
 A
re
a 
1p
pm
 x
 
20
uL
 (2
0 
ng
) N
dn
 
(d
ire
ct
 In
je
ct
io
n)
 
50196 47627 
Mean 47347 44504 
Std Dev 2022 3790 
% error 4.27 8.52 
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3.2.3 Sample preparation for SPME extraction in water and seawater 
 
Nodularin extraction methods using the SPME polymer coated fiber were similar to 
those described by Poon et al. (2001). Briefly, a sample volume of 10 ml was used to 
immerse the exposed SPME fiber. During the sample extraction optimisation 
experiments, 50 μl of pure nodularin was placed into 9.95 ml of the sample matrix. This 
sample matrix consisted of Milli Q water or filtered seawater (35 ppt) that differed in 
salt or pH concentrations. The sample solution was kept under constant agitation using 
a magnetic stirrer at the base of the sample vial. A SPME syringe holder containing the 
SPME fiber was suspended directly above the sample vial and secured using a retort 
stand, boss head and clamp. The needle of the syringe holder was lowered into the 
sample and by depressing the plunger of the syringe holder, the SPME fiber was 
exposed to the nodularin sample. Figure 3.3 shows the SPME fiber holder and clamp 
arrangement suspended over a sample contained in the sample vial. After an extraction 
period, the SPME fiber was removed and briefly rinsed with Milli Q water to remove 
excess salt and then retracted back into the syringe holder before being inserted into the 
top of the SPME-HPLC interface. The syringe was clamped down and held tightly 
using a clamp – ferrel arrangement. The plunger was again pushed down to expose the 
SPME fiber into the desorption chamber. Extracted nodularin was desorbed from the 
SPME polymer coating by engaging the desorption rotodyne which effectively passed 
the mobile phase from the HPLC over the SPME fiber and into the HPLC separation 
column. Figure 3.4 shows a close view of the SPME interface with the desorption 
chamber, rotodyne and clamp arrangement. After desorption of nodularin from the 
SPME fiber, the fiber was removed from the SPME interface and reconditioned in Milli 
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Q water for 30 min before reuse. The overall arrangement of the HPLC – DAD system 
coupled to the SPME apparatus can be seen in Figure 3.5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3: SPME holder clamped above sample vial. The plunger is pushed down to 
expose and immerse the SPME fiber in the sample. 
 
 
 
 
 
SPME syringe 
Sample 
Clamping 
Magnetic 
 - 58 -
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4: The SPME – HPLC Interface. The SPME syringe is inserted into the area 
circled and the plunger depressed to expose the fiber inside the desorption chamber. 
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Figure 3.5: The SPME – HPLC set-up.  
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3.3 Results: 
 
3.3.1 Effects of varying salt concentration 
 
Results of the SPME fibre to extract nodularin under different salt regimes are 
presented in Figure 3.6. SPME extraction capability was measured in terms of peak 
area obtained from HPLC / UV detection. In general, extraction efficiency increased 
with salt concentration within the sample. A plateau of the curve at 25 % showed that 
the response of nodularin had reached a maximal level. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6: Effects of NaCl on SPME-HPLC extraction of 1 ppm nodularin from a 
spiked Milli Q water sample. The SPME sampling time was 1 hour. All samples were 
adjusted to pH 2 (n = 4 ± SD). 
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3.3.2 Effects of varying pH 
 
Figure 3.7 shows the effects of pH on the efficiency of the SPME process to extract 
nodularin. At a spike level of 1 ppm in 30 % NaCl solution, the optimal extraction 
efficiency occurred at pH 2. A sharp decline in peak response and therefore extraction 
capability of the fibre was observed beyond pH 4. Based on these initial findings, 
samples in all later work were adjusted to 30 % NaCl and pH 2 before SPME 
determination. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7: Effects of pH on SPME-HPLC extraction of 1 ppm nodularin from a spiked 
Milli Q water sample. The SPME sampling time was 1 hour. All samples contained 30 
% NaCl and n = 4 ± SD. 
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3.3.3 Effects of varying time 
 
SPME absorption-time profiles of nodularin at spike levels of 1 ppm and 10 ppb are 
presented in Figure 3.8 and Figure 3.9 respectively. At the high toxin concentration (1 
ppm), the SPME process was capable of extracting detectable amounts of nodularin in 
only 10 min (Figure. 3.8). The maximum HPLC / UV peak area response was achieved 
at a sampling time of 1 hour. No increase in HPLC / UV response was observed after 1 
hour. At a more environmentally realistic toxin concentration (10 ppb), a maximum 
HPLC / UV response was achieved at a sampling time of approximately 2 hours 
(Figure. 3.9). 
 
 
 
 
 
 
 
 
 
 
Figure 3.8: SPME absorption - time profile of nodularin at a spike level of 1 ppm in 
Milli Q water. All samples contained 30 % NaCl and at pH 2 (n = 3 ± SD). 
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Figure 3.9: SPME absorption - time profile of nodularin at a spike level of 10 ppb in 
Milli Q water. All samples contained 30 % NaCl and at pH 2 (n = 4 ± SD). 
 
3.3.4 Establishment of standard curves 
 
After optimising the SPME physical conditions for maximal extraction efficiency, two 
nodularin standard curves were plotted using concentrations ranging between 10 ppb to 
1 ppm and 10 to 100 ppb. Linear standard curves were possible in both nodularin 
ranges and achievable in Milli Q water or seawater preparations. Figure 3.10 shows 
HPLC / UV peak response over a wide range of nodularin concentrations in both 
seawater and Milli-Q water, with high linearity achievable over the entire range. Figure 
3.11 shows the HPLC / UV peak response with a more environmentally realistic 
concentration range of 10 to 100 ppb nodularin, displaying good linearity in Milli Q 
water and seawater. 
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Figure 3.10: Nodularin (10 ppb -1 ppm) standard curve after extraction using SPME-
HPLC. Solid line represents nodularin in Milli Q water. Dashed line represents 
nodularin made in seawater. Samples were adjusted to 30 % NaCl and acidified to pH 2 
for 1 hour (n = 4 ± SD). 
 
 
 
 
 
 
 
 
 
Figure 3.11: Nodularin (10-100 ppb) standard curve after extraction using SPME-
HPLC. Solid line represents nodularin in Milli Q water. Dashed line represents 
nodularin made in seawater. Samples adjusted to 30 % NaCl and acidified to pH 2 for 1 
hour (n = 4 ± SD). 
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3.4 Discussion: 
 
It was demonstrated that the SPME- HPLC system could be used to extract nodularin at 
environmentally relevant concentrations in seawater with effective linearity (Figure. 
3.11 dashed line). Insufficient animal toxicity data has prevented the establishment of 
health guidelines for nodularin (NHMRC, 2000; WHO, 1998), although Fitzgerald et 
al. (1999) placed a health alert concentration of 10 ppb nodularin for South Australian 
water supplies. Using the SPME - HPLC technique, it was possible to measure 
nodularin to levels as low as 10 ppb. Water concentrations of nodularin have been 
reported to be as high as 54 μg / L in the Gippsland Lakes, Australia (Chapter 5) and 
suggest that HPLC – SPME should be able to quantify such samples. It is of note that 
no real field samples were available for determination using the SPME - HPLC method, 
but nodularin standard curves were tested in filtered seawater (Figure. 3.10 dashed 
line), and can be considered analogous to a natural water sample. Its application could 
be both in the field or laboratory. Water could be directly sampled in the field and the 
salinity and pH adjusted before placing into a portable field GC or HPLC system for 
on-the-spot analysis. Alternatively, water samples could be returned or sent to a 
laboratory for analysis. This application is achieved by simply adjusting the salinity and 
pH in a sample (Figure 3.6 and Figure 3.7). The optimal physical conditions for the 
partitioning of nodularin are similar to those reported for microcystin (Poon et al., 
2001). The use of sodium chloride increased the ionic strength in the sample solution, 
thereby reducing the solubility of nodularin and increasing the partitioning coefficient 
of nodularin for the polymer coating. This salting out effect has also been demonstrated 
with phenolic compounds (Alpendurada, 2000) and the cyanobacterial toxin anatoxin – 
a (Namera et al., 2002; Ghassempour et al., 2005). Reduction in pH also increased the 
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partitioning of nodularin into the polymer coating, possibly due to the cyanotoxin being 
kept in an undissociated form. Research from De Maagd et al. (1999) demonstrated that 
the closely related microcystin increased lipophobicity at lower pH and supports our 
observations with nodularin. The polymer-coated fiber could reach equilibrium with the 
sample in approximately 1 hour, before being placed into the HPLC for quantification 
of nodularin (Figure 3.8 and Figure 3.9). 
 
Results suggest that the SPME fibre is effective in the absorption of nodularin under 
optimal conditions and based on the current research, measurement of the toxin is only 
limited by the detection limits on the HPLC system. An appropriate improvement in 
sensitivity, e.g. through the use of LC-MS systems, could theoretically yield much 
lower detection limits. Further studies should focus on extracts of N. spumigena and 
tissue samples to investigate whether nodularin extraction ability is not affected by 
other unknown constituents and that other toxins are not partitioned to the SPME fiber 
leading to HPLC false – negative or false – positive identification of nodularin. 
 
The use of SPME – HPLC has great advantages over many current methods for the 
analytical determination of cyanotoxins by eliminating the reliance on organic solvents 
in the extraction process and pre-concentration using SPE cartridges. A truly 
solventless method reduces the potential danger of organic solvent exposure to 
researchers and may reduce the overall cost in the analysis of cyanotoxins. This chapter 
has presented evidence to support further investigations of SPME - HPLC to measure 
the cyanotoxin nodularin. 
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3.5 Conclusion: 
 
The results demonstrate that SPME – HPLC can extract and measure nodularin in water 
at low concentrations useful in environmental monitoring. The SPME - HPLC method 
enabled the construction of a standard curve using pure nodularin. This was done 
without conventional cleanup or pre-concentration procedures currently common with 
HPLC and other modern analytical analysis of nodularin. It may therefore be possible 
to use this technique to determine nodularin in unknown environmental water samples 
using previously established standard curves. 
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Chapter 4: Nodularin accumulation and acute toxicity from a N. spumigena 
extract to species from the Gippsland Lakes, Victoria, Australia. 
 
4.1 Introduction: 
 
Some cyanobacteria have the ability to form blooms, and a few of the bloom-forming 
species have the capability to produce toxins, which are detrimental to other organisms. 
N. spumigena is one such toxic cyanobacterium and has been identified as the producer 
of the hepatotoxin nodularin (Chapter 1.2.2). Cyanobacteria also contain other bioactive 
compounds such as lipopolysaccharides that are also known to be harmful to animals 
(Karjalainen et al., 2005). Death from hepatotoxins has been identified in both wild and 
domestic animals and occurs within a few hours as a result of intrahepatic haemorrhage 
and hypovolaemic shock (Carmichael, 1992a). Mortality attributed to N. spumigena in 
Australia was first reported in Lake Alexandria in South Australia where livestock 
deaths were recorded (Francis, 1878).  
 
From an Australian perspective, the toxicity of N. spumigena to aquatic life is generally 
unknown. Australian research has shown that bioaccumulation of nodularin occurs in 
the Pacific blue mussel (Mytilis edulis) to levels dangerous for human consumption 
(Falconer et al., 1992). Van Buynder et al. (2001) and Eaglesham et al. (2002) also 
measured the uptake and distribution of nodularin in shrimp, mussel and fish after a 
2001 N. spumigena bloom to help derive human health alert levels and recently, 
Kankaanpää et al. (2005) followed the distribution of nodularin in different organs of 
black tiger prawns (Penaeus monodon). 
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Less is known of the biological consequences to Australian aquatic species from N. 
spumigena exposure. Only the recent paper from Pflugmacher et al. (2005) has 
presented evidence of detoxification responses in the Australian black tiger prawn 
(Penaeus monodon) after exposure to feed contaminated with an extract from N. 
spumigena. A greater body of work has been performed overseas on the biological 
significance that N. spumigena has on aquatic species and this has been reviewed in 
Chapter 1. 
 
The Gippsland Lakes in south – eastern Victoria, Australia experiences recurrent 
blooms of N. spumigena (Chapter 1.4.1). This estuarine lake system contains a diverse 
range of flora and fauna with significant stands of benthic algae and seagrass rich in 
molluscs and polychaetes that provides important dietary components and shelter to 
juvenile and adult fish species (Ramm, 1983; Rigby, 1982). Many of the fish species 
are important as food for higher trophic levels and have provided an economic source 
to local communities for more than 130 years (MacDonald, 1997).  
 
The most economically important fish species is the endemic black bream 
(Acanthopagrus butcheri), which has declined in catch in recent times (Coutin et al., 
1996). Blooms of N. spumigena are thought to directly or indirectly reduce fish stocks 
by fish kills (from anoxia), reduction in food availability or increased vulnerability to 
predation (Coutin et al., 1996).  Spawning and hatching of black bream eggs also 
coincides with the summer algal bloom period, although no information is known of the 
effects of nodularin on black bream eggs. 
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Zooplankton, molluscs and decapods have all been identified as major food sources for 
fish species in the Gippsland Lakes (Ramm, 1983; Rigby, 1982). With reference to  
zooplankton, both copepods and cladocerans are the most dominant forms residing in 
the Gippsland Lakes (Arnott and McKinnon, 1983) and form an important part of  the 
diet of many juvenile fish species (Ramm, 1983). Recent studies in the northern 
hemisphere have shown that zooplankton can act as a vector for the transport of 
nodularin to higher order predators (Chapter 1.2.2). The reported LC50s for nodularin 
on zooplankton species range from 0.57 – 20 μg / ml (Chapter 1.2.2) although these 
studies also originate in the northern hemisphere.  
 
Only the papers of Van Buynder et al. (2001) and Eaglesham et al. (2002) have 
published effects (accumulation) from N. spumigena on aquatic fauna residing in the 
Gippsland Lakes. The lethal limits of nodularin for aquatic species in the Gippsland 
Lakes (or Australia) have not been investigated, although this information may well be 
important in providing answers to population or community changes during and post N. 
spumigena blooms in the Gippsland Lakes. 
 
This study investigated accumulation of nodularin in two species taken from the 
Gippsland Lakes during a N. spumigena bloom in 2001. Further to this, the LC50 values 
for three different aquatic trophic levels in the Gippsland Lakes were established. The 
tropic levels were a zooplankton assemblage (copepods), the Pacific blue mussel 
(Mytilis edulis) and the estuarine shrimp (Macrobrachium intermedium). Finally the 
lethal effects of nodularin on the survival of eggs from black bream (Acanthopagrus 
butcheri) were established. 
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4.2 Methods 
 
4.2.1 Toxin preparation 
 
Concentrations of nodularin-laden extract were prepared in Schott bottles as described 
in Chapter 2. The original stock concentration of 3750 µg / L was determined by 
extracting the soluble contents from collected N. spumigena (Chapter 2.1) and the 
nodularin content analysed by researchers at the National Research Centre for 
Environmental Toxicology (NRCET) in Queensland Australia (Chapter 2.2).  
 
4.2.2 Nodularin bioaccumulation methods 
 
An extensive N. spumigena bloom occurred during February 2001 in the Gippsland 
Lakes, Victoria, Australia. During the height of the cyanobacterial bloom mussels 
(Mytilis edulis) were collected from two sites on Chinaman’s Creek and Box Creek 
underneath small wooden jetties. Also at the Box Creek site, approximately 0.5 kg of 
barnacles (Elminius modestus) was collected for comparative analysis with the mussels. 
Subsequently, two further collections of mussels were made towards the end of the 
bloom in March 2001 and after the bloom in May 2001. Approximately 20 mussels 
from the field sites were collected on each occasion. Collected samples were washed in 
distilled water to remove external cyanobacteria and transported on ice to MAFRI 
marine facility, Queenscliff, Australia, where they were kept frozen at – 20oC in bags. 
The mussels and barnacles were transferred on dry ice for toxin analysis to NRCET, in 
Brisbane, Queensland, Australia where they were further stored at – 20oC until analysis. 
 
 - 72 -
Mussels were pooled in triplicate and ten barnacles were pooled prior to analysis using 
HPLC - MS. Methodology for nodularin tissue extraction and analysis are discussed in 
detail in Chapter 2.2. 
 
4.2.3 Zooplankton 48 hour LC50 methods 
 
Mixed zooplankton populations were collected from Lake King in the Gippsland Lakes 
using a 200 µm zooplankton net, towed obliquely for 10 min behind the RMIT 
university boat. Zooplankton were transferred into an aerated seawater container and 
returned immediately on ice to the Queenscliff Marine Station at Queenscliff, Victoria. 
The zooplankton were placed into clean filtered seawater and kept in an aerated 
controlled temperature room at 20.0 ± 1.0 oC. 
 
Copepods were selected for the LC50 experiment, as they were visually the dominant 
species type. No attempt to separate copepods into different classes was made due to 
difficulty in classification, but qualitative inspection showed that most specimens were 
Gladioferans pectnatus (brevicornis) along with Acartia clausii (tranteri) and other 
unidentified copepods. Copepods were carefully drawn up into a Pasteur pipette and 
transferred onto a 45 µm filter paper to absorb excess seawater. The stock solution of 
nodularin laden extract was diluted in filtered seawater to give six exploratory 
concentrations of nodularin, realistic to the environment, at 0, 3.75, 7.5, 18.75, 37.5, 75 
µg / L. Each prepared concentration was placed into labelled squeeze bottles and used 
separately to carefully rinse ten healthy copepods from the filter paper into different 
microplate wells (Sero-Wel® Bibby Sterilin Ltd., Stone, Staffs, UK). The six 
concentrations were repeated until four replicates of each toxin concentration were 
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placed into the 24 well microplate. The process was repeated using two more 
microplates to ensure the experiment was conducted in triplicate. The three microplates 
were kept in a 20oC controlled temperature room on a flat-based orbital rocker (Raytek 
Ltd., USA) and gently rocked to ensure aeration and flow. The experiment was 
terminated after 48 hours and mortality calculated by observing deceased specimens 
under a stereomicroscope following established standards (ASTM, 1997). Mortality 
was assessed as lack of movement after one minute of observation. 
 
4.2.4 Black bream eggs 24 hour LC50 methods 
 
Principles of the experiment followed the OECD guidelines for short-term toxicity 
testing on fish eggs (OECD, 1998). Five exploratory concentrations of nodularin-laden 
extract were prepared in the same manner as in Section 4.2.3, again at environmentally 
realistic nodularin concentrations of 0, 3.75, 7.5, 37.5, 75 µg/L. Toxin and control 
solutions were placed into 50 ml beakers to which 10 black bream eggs were added 
carefully by pipette. The concentrations were replicated four times and the whole 
experiment performed in triplicate. Fertilised black bream eggs were collected at the 
MAFRI facility, Queenscliff, Victoria and kindly supplied by Ms L. Toogood. The 
criterion for death was derived as a marked loss of translucency and change in 
colouration, caused by the precipitation of protein, leading to a white opaque 
appearance (OECD, 1998).  
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4.2.5 Estuarine shrimp 96 hour LC50 methods 
 
The estuarine shrimp were collected from a commercial fisherman and transported to 
the MAFRI facility for acclimation and experimental use. Holding conditions and 
acclimation are described in Chapter 2.5. After acclimation, the estuarine shrimp were 
allocated to 5 L experimental tanks in groups of 10 and kept under constant bubbling 
aeration, at a temperature of 20 ± 1.0 oC and a light and dark regime of 18:6 hours. The 
experimental setup consisted of 4 treatments, replicated three times and contained a 
control and exploratory nominal concentrations of 1:10, 1: 100 and 1:1000 of the stock 
solution. This yielded actual initial concentrations of 485, 41 and 4.2 µg / L nodularin 
derived by HPLC analysis (Chapter 2.2). Actual concentrations at the end of the 
experiment were measured as 382, 39 and 3.6 µg / L nodularin, suggesting a loss of 
toxin of 21, 5 and 14% from the highest to lowest concentrations. Results are quoted in 
terms of initial concentrations. The total volume of prepared stock solution extracted 
from the collected N. spumigena meant that a 1:10 dilution of the N. spumigena stock 
extract was the highest concentration possible for the experiment.  
 
4.2.6 Pacific blue mussel 96 hour LC50 methods 
 
Mussels were collected from a commercial farmer at Portarlington in Port Phillip Bay, 
Victoria and methods are described in detail in Chapter 2.3. The mussels were allocated 
into 5 L experimental tanks as in the above Section (4.2.4) and kept under the same 
constant environmental conditions. The mussels were exposed to the same exploratory 
nominal concentrations of N. spumigena extract as the estuarine shrimp and results are 
presented in the same manner.  
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4.2.7 Data Collection and analysis 
 
Results were analysed using the program ToxCalcTM version 5 to estimate LOEC and 
LC50 values. Normal distribution of data was first analysed using the Kolmogorov D 
Test and homogeneity of variance was then determined across treatments using the 
Bartlett’s Test. When these ANOVA assumptions were met, LOEC values were 
calculated using the Dunnett’s method to compare multiple comparisons between the 
results and those of controls. Where possible, LC50 values were determined using 
Maximum Likelihood-Probit analysis. 
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4.3 Results 
4.3.1 Nodularin bioaccumulation in mussels and barnacles during and after a N. 
spumigena bloom in the Gippsland Lakes 
 
Nodularin concentrations in mussel tissue decreased over time after a N. spumigena 
bloom. Nodularin levels in mussels were highest in Chinamans Creek, Gippsland 
Lakes, Australia (Figure 4.1). Barnacle tissue contained nine times the nodularin 
content than mussel when compared from the same site (Table 4.1)  
 
 
 
 
 
 
 
Figure 4.1: Nodularin tissue concentrations over time from different sites in the 
Gippsland Lakes during a N. spumigena bloom.  
 
 
 
 
 
 
Table 4.1: Nodularin concentrations in mussel and barnacle tissue (ng / g) collected 
22 February 2001at Box Creek, Gippsland Lakes. 
Nodularin concentration (ng/g) 
Mussel 
(M. edulis) 
Barnacle 
(E.  modestus) 
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 - 77 -
4.3.2 Mortality and survival experiments with a N. spumigena extract 
 
Copepod 48 hour mortality test 
 
The copepod 48 hour LC50 value for the N. spumigena extract was determined as 60 µg 
/ L of nodularin laden extract. The copepod LOEC value was determined as 7.5 µg / L 
of nodularin laden extract (Figure 4.2). 
 
 
 
 
 
 
 
 
 
 
Figure 4.2: The lethal effects of a N. spumigena bloom extract to copepods collected 
from the Gippsland Lakes, Australa after 48 hours exposure. 
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Black bream egg 24 hour mortality test 
 
The black bream egg 24 hour LC50 value for the N. spumigena extract could not be 
established, due to the highest concentrations in the range finder test yielding 
insufficient mortality for probit analysis (Figure 4.3). 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3: Mortality of black bream eggs to increasing concentrations of a N. 
spumigena bloom extract containing nodularin after 24 hours exposure. 
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 Estuarine shrimp 96 hour mortality test 
 
The estuarine shrimp 96 hour LC50 value for the N. spumigena extract could not be 
established, due to the highest concentrations in the range finder test yielding 
insufficient mortality for probit analysis and subsequent experimentation (Figure 4.4). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4: Survival of estuarine shrimp collected from the Gippsland Lakes, 
Australia to increasing concentrations of a N. spumigena bloom extract containing 
nodularin after 96 hours exposure. 
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Pacific blue mussel 96 hour mortality test 
 
The Pacific blue mussel 96 hour LC50 value for the N. spumigena extract could not be 
established, due to the highest concentrations in the range finder test yielding 
insufficient mortality for probit analysis and subsequent experimentation (Figure 4.5). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5: Survival of Gippsland Lakes Pacific blue mussel to increasing 
concentrations of a N. spumigena bloom extract containing nodularin after 96 hours 
exposure. 
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4.4 Discussion: 
 
4.4.1 Bioaccumulation of nodularin in tissue of the Pacific blue mussel and modest 
barnacle from the Gippsland Lakes N. spumigena bloom  
 
Results show that nodularin accumulated in Pacific blue mussel (M. edulis) and the 
modest barnacle (E. modestus) tissue was after an extensive N. spumigena bloom in 
2001. Interestingly, the accumulation of nodularin differed between the two species 
with the barnacle accumulating an order of magnitude more nodularin than the mussel 
at the same site (Table 4.1). The results may reflect differences in the feeding or 
excretion rates among molluscs (Chen and Xie, 2005), different depuration rates due to 
mollusc size (Amorin and Vasconcelos, 1999), that nodularin may partition into 
barnacle tissue more easily than mussel tissue, or that the barnacles may have a lesser 
ability to detoxify the xenobiotic.  
 
Both barnacles and mussels are sessile animals. Unlike more motile species, it would be 
expected that adult barnacles and mussels would have to endure noxious cyanobacterial 
blooms. During such periods, these animals may have certain adaptations to minimize 
toxicity to algal toxins (i.e. restricted flow of food or water) but inevitably if the bloom 
is intense and of a long period significant poisoning would occur. 
 
There is only limited information about the accumulation of nodularin in aquatic 
organisms in the Gippsland Lakes. Time dependant accumulation and depuration have 
been demonstrated in the study in which nodularin accumulated in mussel tissue to a 
peak of 1149 μg / kg, although as this was the first sampling period it may have been 
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even higher prior to sampling. Other researchers have shown that the mussel has the 
ability to accumulate high concentrations of nodularin in tissue during blooms of N. 
spumigena (Falconer et al., 1992; Sipiä et al., 2001a; 2001b; 2002;; Kankaanpää et al., 
2001; Van Buynder et al., 2001), probably due to its filter feeding habit. 
 
Toxin content in the mussel decreased over time during the Gippsland Lakes N. 
spumigena bloom and was most likely a combination of decreasing cyanobacteria 
densities as well as animal physiological response. Depuration of nodularin has been 
reported to be fairly rapid in mussels (Falconer et al., 1992; Sipiä et al., 2001b; 2002) 
and this has also been reported for mussels exposed to microcystin and then transferred 
into toxin free water (Williams et al., 1997). Reduction of cyanotoxin in molluscs can 
be explained by evidence of detoxification processes (Pflugmacher et al., 1998; Sipiä et 
al., 2001a; 2002), excretion of bound and unbound toxins (Amorin and Vasconcelos, 
1999; Lehtonen et al., 2003) and the expulsion of faecal material containing intact 
cyanobacteria (Vasconcelos, 1995; Zurawell et al., 1999; Svensen et al., 2005).  
 
However, levels of toxins were still detectable over a 3-month period in mussel samples 
taken from both sites and this long residual period supports prolonged toxin levels seen 
in snails during intense toxic cyanobacterial blooms (Ozawa et al., 2003). These 
extended toxin concentrations in mussel tissue over several months may have serious 
implications on human health, especially if consumed over several months after the 
bloom. Total Daily Intake (TDI) levels for human seafood consumption have recently 
been derived that are applicable to the Gippsland Lakes, but are based on microcystin 
no-adverse-effect-levels (NOAEL) for mice (Van Buynder et al., 2001). As mussels 
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and other molluscs also form the diet of fish and waterfowl, they may act as a vector for 
the transfer of nodularin to these species and bioaccumulation up food chains. 
 
4.4.2 Survival of Gippsland Lakes species exposed to a N. spumigena extract  
 
Zooplankton species tested showed a decline in survival to increasing levels of the N. 
spumigena extract. Zooplankton communities in the Gippsland Lakes are mainly 
dominated by copepod species from the genus Gladioferens which totals about 79% of 
all species present (Arnott, 1968). Densities are relatively high compared to other 
Victorian bays and maybe regulated by flowing rivers (Arnott and McKinnon, 1983). 
Although, copepods were not sorted to genus levels, most appeared to be similar in 
appearance and consistent with the description of Gladioferens species and were 
assumed to be representative zooplankton from the Gippsland Lakes.  
 
Blooms of N. spumigena would release toxins into the water of the Gippsland Lakes 
and filaments may be consumed by copepods, but reports on zooplankton grazing 
cyanobacteria are few in Australia (Boon et al., 1994). In the case of the Gippsland 
Lakes, Nodularia may be difficult to consume due to its large size (Lampert, 1987), and 
even if consumed may not be a very suitable food source (de Bernardi and Giussani, 
1981), even affecting reproduction (Koski et al., 1999). Schmidt and Jónasdóttir, 
(1997) showed that copepods failed to ingest N. spumigena filaments probably due to 
sizes, however, others report copepod feeding on N. spumigena blooms in the Baltic sea 
at reduced rates (Sellner et al., 1994;1996). These differing observations may be 
dependent on copepod species studied, as Engström et al. (2000) showed that some 
species of copepod feed on N. spumigena but not others.  As such it is unsure whether 
 - 84 -
the copepods in the Gippsland Lakes are able to graze on N. spumigena and should be 
considered for further study.  
 
Nevertheless, the derived LC50 value of 60 μg / L nodularin in this research showed that 
solutes of N. spumigena exerted a toxic effect on Gippsland Lakes copepods. 
Importantly, this value is close to measured concentrations of nodularin in Gippsland 
Lakes waters (see results in Chapter 5.3) and suggests that significant mortalities of 
zooplankton populations could occur during N. spumigena blooms.  Copepods in the 
Gippsland Lakes are regarded as an important food source for many important 
commercial finfish species (Rigby, 1982; Ramm, 1983) and a decline in stocks of 
zooplankton from N. spumigena blooms may directly affect finfish populations or year 
classes by limiting food availability.  Cyanobacteria and lysates are well known to exert 
a toxic effect on zooplankton and have been extensively reviewed (Lampert, 1987; 
Hanazato, 1996). Toxicity to the N. spumigena extract is possibly through uptake of 
nodularin and tritiated nodularin studies have shown that uptake occurs in copepods 
(Karjalainen et al., 2003). It is plausible that toxins could be accumulated in Gippsland 
Lakes copepods and as such may present trophic transfer to planktivores and possibly 
fish. This has been shown to occur in copepods with toxins from Gymodinium breve 
(Tester et al., 2000) and also nodularin (Engström-Öst et al., 2002; Karjalainen et al., 
2005). Finally, the derived LC50 value for the Gippsland copepods is at least 4 times 
higher than the most tolerant species tested by DeMott et al. (1991) and maybe the 
Gippsland Lakes copepods have evolved some resistance mechanisms to nodularin as 
has been suggested for other copepods (Reinikainen et al., 2002; Repka et al., 2004).  
Of the other species selected for survival studies, all appeared tolerant to the highest 
concentrations on the N. spumigena extract, thereby making experimentation difficult 
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past the range finder tests. Black bream eggs showed no decrease in survival when 
exposed to concentrations up to 75 μg / L of the nodularin laden extract. Other research 
supports these findings. Oberemm et al., (1997; 1999) showed no acute toxic effects to 
fish eggs with microcystin up to 50 μg / L, but morphological changes were shown to 
occur in larval development and this may be a focus for future N. spumigena studies. 
 
The estuarine shrimp and mussel survival studies also showed that these species can 
tolerate high concentrations of N. spumigena toxins. This result may be due to the 
abilities of these animals to restrict uptake of the toxin by modifying behaviour such as 
drinking or respiration rates. Microcystin and nodularin are known to accumulate in 
shrimp, prawns and mussels (Chen and Xie, 2005; Kankaanpää et al., 2005; Van 
Buynder et al., 2001; Falconer and Choice et al., 1992) but this may occur due to active 
filtering and digestion of cyanobacteria, as also demonstrated for mussels in this study.  
 
Zooplankton results suggested that the aqueous liberation of toxins of N. spumigena 
pose a threat to populations of this animal. Although other tested species did not show 
lethality to an extract of N. spumigena. It is clear that mussels and barnacles 
accumulated nodularin during a bloom, and for these test species the dangers of N. 
spumigena could be more related to consuming cells of N. spumigena rather than 
nodularin already liberated into the water column,. The distinction of mode of uptake 
and the consequential biological affect of nodularin on different species maybe an 
important consideration in understanding when species of animals will be most affected 
during a N. spumigena bloom. Some species could be more susceptible during bloom 
development where intact cells are actively consumed, while other species (i.e. 
zooplankton) maybe more in danger during a senescence stage where liberated toxins 
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act directly on survival. Future studies will consider the importance of mode of uptake 
and N. spumigena toxicity. 
 
4.5 Conclusion: 
 
Concentrations of nodularin were seen to accumulate in mussel and barnacle tissues 
during a bloom of N. spumigena in the Gippsland Lakes. Concentrations of nodularin 
were still present several months post-bloom in the mussels. An extract from N. 
spumigena was tested on a number of species from the Gippsland Lakes to examine 
acute toxicity. In all cases except zooplankton the species tested were tolerant of the N. 
spumigena extract for a 48 or 96 hour exposure period in water. Zooplankton showed 
mortality at concentrations realistic to a N. spumigena bloom in the Gippsland Lakes. 
This finding may suggest that nodularin could impact on zooplankton populations 
leading to ecological implications for other communities in the Gippsland Lakes. 
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Chapter 5: Investigations into the sublethal toxicity of a Nodularia spumigena 
extract on aquatic fauna from the Gippsland Lakes, Victoria, Australia 
 
5.1 Introduction: 
 
The previous chapter established that environmentally realistic concentrations of a N. 
spumigena extract were not lethal to selected species from the Gippsland Lakes, 
Victoria. For assessing toxicity, lethality is routinely used as the ultimate toxic endpoint 
and is often used in ecotoxicology because of the clear results it produces. However, 
toxicity may be observed at a number of different levels. Although the toxic 
constituents of a N. spumigena extract may not have induced mortality in most species 
tested, it may still affect the health status of life on a sublethal level. Effects of a toxin 
at a physiological level on an animal may directly damage cells or organs and impair 
normal functions essential for existence and survival of the species. 
  
Based on a growing body of scientific literature, there is evidence that constituents of 
N. spumigena are toxic at the cellular and organ level of animals (Chapter 1). This 
chapter further investigates the possible toxic effects of N. spumigena to aquatic species 
from the Gippsland Lakes with emphasis at the sublethal level. 
 
Important endemic species in the Gippsland Lakes that could be affected by a N. 
spumigena bloom are the blue mussel (Mytilis edulis) (Figure 5.1a), which is an 
efficient filter feeder and first order consumer that could possibly graze on high 
concentrations of toxic cyanobacteria. This bivalve is an important food source for 
many finfish species in the Gippsland Lakes (MacDonald, 1997). Filtering and 
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digesting toxic cyanobacteria or toxic solutes could potentially expose the animal to 
toxins and could possibly result in passage up the food chain. Previous research has 
shown that both nodularin and microcystin accumulate in M. edulis (Falconer et al., 
1992; Williams et al., 1997; Sipiä et al., 2001b; 2002; Van Buynder et al., 2001; 
Eaglesham et al., 2002; Svensen et al., 2005;) and other mussel species (Vasconcelos, 
1995; Amorin and Vasconcelos, 1999; Chen and Xie, 2005).  
 
The estuarine shrimp (Macrobrachium intermedium) (Figure 5.1b) often resides around 
the littoral fringes of the Gippsland Lakes and is a key species in the food chain as a 
predator of smaller fauna and often the preferred prey for larger fish species in the 
Gippsland Lakes (Rigby, 1982). As a second order planktivore, the estuarine shrimp 
may accumulate toxin via the food web. Indeed, other studies have shown accumulation 
of algal toxins in shrimps and prawns (Van Buynder et al., 2001; Chen and Xie, 2005; 
Kankaanpää et al., 2005) with some evidence of toxin transfer via the food web 
(Engström-Öst et al., 2002; Ibelings et al., 2005; Karjalainen et al., 2005).  
 
Black bream (Acanthopagrus butcheri) (Figure 5.1c) are the most important 
commercial finfish in the Gippsland Lakes with a commercial catch representing 89% 
of black bream taken in the state of Victoria for human consumption (Coutin et al., 
1997). Black bream reproduce throughout the Gippsland Lakes and are widely 
distributed with an ontogenic diet. Cyanotoxins or extracts from cyanobacteria are 
known to have broad sublethal consequences to fish, as reviewed in Chapter 1. 
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Figure 5.1a: 
 
 
 
 
 
 
Figure 5.1b:  
 
 
 
 
 
Figure 5.1c: 
Figure 5.1: (a) Blue mussel (Mytilis edulis), (b) Estuarine shrimp (Macrobrachium 
intermedium) and (c) Black bream (Acanthopagrus butcheri) from the Gippsland Lakes 
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Cyanobacterial toxins such as microcystin and nodularin are known to preferentially 
accumulate in the organs of aquatic animals. It has been well established that higher 
order aquatic animals accumulate nodularin and microcystin primarily in the liver 
(Kaya, 1996; Sipiä et al., 2001a; b; 2002; Kankaanpää et al., 2002; 2005; Cazenave et 
al., 2005), gill (Cazenave et al., 2005) and kidney (Mohamed et al., 2003). In shrimp 
and other decapods, nodularin and microcystin accumulate in organs such as viscera 
(Van Buynder et al., 2001; Vasconcelos et al., 2001), hepatopancreas (Lirås et al., 
1998; Vasconcelos et al., 2001; Chen et al., 2005; Kankaanpää et al., 2005;), gonads 
(Chen et al., 2005), brain and heart (Kankaanpää et al., 2005). In mussels, a number of 
authors have reported that microcystin and nodularin predominantly accumulate in the 
hepatopancreas (Falconer et al., 1992; Vasconcelos, 1995; Svensen et al., 2005). 
 
Unlike cyanotoxin accumulation studies, biomarkers offer a more relevant biological 
indication of the potential impact from toxic cyanobacterial components on the health 
of an organism. Accumulation of cyanotoxins in aquatic animals inevitably induces an 
organism’s biological defense, with the primary aim of minimizing harmful effects and 
eliminating toxins. Depuration studies have shown that nodularin is removed from 
aquatic animals (Sipiä et al., 2001b; 2002). Glutathione-S-transferases (GST) are Phase 
II detoxification enzymes that are capable of transforming nodularin to a more water-
soluble product by conjugation with the substrate Glutathione (GSH) therefore making 
it easier to excrete from the body. Phase II detoxification of nodularin has been reported 
by a number of authors (Chapter 1). The use of enzymes as biomarkers to indicate 
pollution effects is reviewed in chapter 1; of note is that GST and GSH enzymes have 
gained recognition as useful biomarkers of exposure (Leiniö and Lehtonen, 2005). 
Other biomarkers such as DNA strand breakage can be categorized as biomarkers of 
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damage where direct alteration by a toxicant may be indicative of genetic change, 
leading to mutations, cancer and apoptosis (de La Fontaine et al., 2000). 
 
The aim of this chapter was to investigate GST and GSH responses in species from the 
Gippsland lakes after exposure to (1) a N. spumigena bloom (2) bloom contaminated 
water and (3) a N. spumigena extract from a Gippsland Lakes N. spumigena bloom. The 
hypothesis was that exposure to the toxic solutes of N. spumigena would induce cellular 
responses. Species such as the blue mussel (Mytilis edulis), estuarine shrimp 
(Macrobrachium intermedium) and black bream (Acanthopagrus butcheri) are 
representative of different trophic levels found in the Gippsland Lakes (i.e. planktivore, 
detritivore and omnivore). Further to this, the genotoxicity of a N. spumigena extract 
was evaluated on the black bream by measuring DNA strand breakage as a biomarker 
of damage.  
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5.2 Methods 
 
5.2.1 Biomarker response in Pacific blue mussel collected from a N. spumigena 
bloom depurating over time in clean seawater 
 
Blue mussels (M. edulis) (~ 30) were collected during the later stages of a N. 
spumigena bloom on the 20th of February 2002 at Metung in the Gippsland Lakes. 
Bloom conditions had recently senesced and water conditions were relatively clear. 
Mussels were kept cool by placing them into an insulated carrier, containing moist 
paper and ice. A random selection of mussels (20) were transferred into a 60 L glass 
tank with a constant flow of fresh seawater drawn from Port Phillip Bay (Victoria, 
Australia) and filtered through a sand filtering system to 40 μm. Mussels were sampled 
in triplicate on days 0, 2, 4, 19 and 26 by removing their shell and immediately freezing 
tissue at –80oC for subsequent enzyme analysis. Dead mussels were discarded. Mussels 
were not fed during the course of the experiment (Williams et al., 1997).  
 
5.2.2 Biomarker response in Pacific blue mussel exposed to N. spumigena bloom 
water 
 
Water was also collected at Metung in the Gippsland Lakes on the 20th of February 
2002.  Several hundred liters of water were collected using 20 L plastic containers from 
a small jetty. The water was transported back to the laboratory and aerated at 4oC in 
darkness and used within 24 hours. A sample of water was frozen for later nodularin 
analysis (Section 5.2.4). Blue mussels (M. edulis) (length 69.7 ± 6.8 mm) were used for 
exposures and were supplied by a local commercial mussel farm at Portarlington, 
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Victoria. Mussels were placed into a 100 L plastic tank with continuously flowing 
filtered seawater and acclimatised for 3 days before experimentation.  
 
For exposure, Gippsland Lakes water and mussels were placed into a 15 L glass 
aquarium, at a volume of 1 L per mussel. Water was aerated and changed every 24 
hours.  Mussels were sampled in triplicate on days 0, 1, 3 and 17. Mussels were 
removed from their shell, immediately frozen in liquid nitrogen and stored at –80oC for 
subsequent enzyme biomarker analysis. 
 
5.2.3 Nodularia spumigena extract exposure experiments 
 
A soluble cyanobacterial extract was obtained from N. spumigena collected on the 6th 
February 2002 at Chinaman’s Creek, Metung in the Gippsland Lakes. The N. 
spumigena was scooped up from a heavy surface scum using a dip net and placed into 
large dark coloured plastic bags. These bags were sealed and placed on ice. At the 
laboratory, the N. spumigena was dispensed into 5 L beakers and frozen at –80oC for 
later use. The method for liberation of the soluble contents from cyanobacterial cells 
followed Davies et al. (2005). Briefly, N. spumigena cells were repeatedly freeze-
thawed, homogenized and centrifuged to clarify the extract. The N. spumigena extract 
was stored at -20oC in 200 ml aliquots for future application as a high concentration 
stock solution.  
 
 
Nodularin content within the crude extract and Gippsland Lakes water samples were 
undertaken at the National Research Centre for Environmental Toxicology (NRCET) in 
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Queensland, Australia. Samples were sent to NRCET frozen, on ice and analyzed using 
HPLC / diode array according to the methods referenced in Van Buynder et al. (2001). 
 
5.2.3.1 Mussel Exposure experimental method 
 
Clean mussels (M. edulis) were supplied and prepared as in Section 5.2.2.1. Three 
mussels were each placed into 5 L aquaria containing a liter of seawater per mussel and 
constantly aerated. A control and two treatments of the N. spumigena extract (1 and 10 
μg / L) were randomly assigned to the experimental tanks and triplicated. An initial 
sacrifice (T=0) of 9 animals was undertaken from the holding tank and whole mussel 
was frozen into liquid nitrogen and stored in a –80oC freezer. Sampling of tanks 
occurred on days 1, 4, 8 and 20. A total of 3 tanks (9 mussels) per treatment per sample 
time were collected. Salinity was kept at seawater concentrations (30 ppt) and water 
was changed every two days according to Vasconcelos (1995) and treatments redosed 
with the N. spumigena extract. Mussel lengths were recorded during the sampling 
period and did not statistically differ between experimental groups. Upon sampling the 
animals were removed from their shell and frozen whole in liquid nitrogen. 
 
5.2.3.2 Shrimp exposure experimental method 
 
Estuarine shrimp (M. intermedium) were commercially netted by a fisherman along the 
littoral zone of Lake King in the Gippsland Lakes and held in holding tanks at Swan 
Reach, Victoria. About 300 shrimp were collected and transported to the laboratory in 
an aerated carrier containing the same water from the holding tanks, kept cool with a 
little ice under moist paper.  Estuarine shrimp were transferred to a large holding tank 
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(60 L) containing filtered seawater, and diluted with Milli Q water to the same salinity 
as the original Lake King water (22 ppt) and acclimatised for 1 week.  
 
The experimental setup consisted of 3 treatments: a control, and nominal concentrations 
of 1µg / L nodularin (low dose) and 10 µg / L nodularin (high dose). Each treatment 
was replicated in triplicate. Exposures took place in 5 L aquaria, with sampling taking 
place on days 1, 4, 8 and 18. There were 23 shrimp per tank, per treatment. An initial 
sacrifice (T=0) of 15 animals was undertaken from the holding tank and whole shrimp 
frozen into liquid nitrogen and stored in a –80oC freezer. Subsequently, 15 further 
animals (5 per treatment tank) were selected at random on days 1, 4, 8 and 18 and 
treated identically as day 0 animals.  
 
Water was changed every 48 hours and the nodularin-laden extract was redosed directly 
after the water change. Tanks were kept under constant aeration and temperature 
(16oC±1.0) and a salinity of 22 ppt.  
 
5.2.3.3 Bream Exposure experimental method 
 
Approximately 130 black bream with an average length of 119 mm (± 23) and weight 
of 45 g (± 30) were donated from the Marine and Freshwater Resource Institute 
(MAFRI) Queenscliff, Australia for this part of the study. Fish were kept in a large 
holding tank with a constant flow of filtered ambient seawater. Fish were fed on a diet 
of fish pellets approximately every 4 days and acclimated for at least 2 weeks prior to 
experimentation. Fish were inspected daily and dead or sick fish were removed 
promptly from the holding tank.  
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The experimental setup consisted of 4 treatments consisting of a control, glycerol 
control, a N. spumigena extract dosed at 1 µg / kg body weight (bw) and 7 µg / kg bw 
of nodularin in the glycerol carrier. The black bream were netted from the holding tank 
and 30 fish were each placed into 4 experimental tanks and left to acclimatise 
overnight. As the black bream body weight varied by an order of magnitude, fish were 
grouped into 5 classes based on weight (i.e. 20, 40, 60, 80, 100 g) and an appropriate 
volume of the N. spumigena extract was delivered. Fish were injected with nodularin 
that was mixed with a carrier (glycerol 1:1). Injection was given abdominally after brief 
immobilization with benzocaine and the bream were placed into a recovery tank. After 
recovery, the fish were transferred to their appropriate treatment tank and then ten fish 
were initially sacrificed as day 0 controls from the holding tank. Ten fish from each 
tank were selected at day 1, 4, 8 post treatment and weights and lengths recorded. At 
sampling, 10 fish were narcotized by placing into seawater containing benzocaine.  
Upon immobilization the fish were weighed and measured before the livers were 
excised, frozen in liquid nitrogen and placed into a –80oC freezer for later analysis. 
RMIT animal ethics policy in 2001- 02 did not require animal ethics approval for 
research work on fish 
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5.2.4 Enzyme assays  
 
All assays were performed at City University of Hong Kong, Kowloon, Hong Kong.  
Frozen tissue was transported on dry ice to Hong Kong and stored at –80oC prior to 
assays. Tissue preparation and methodologies for all enzyme assays are detailed in 
Chapter 2.7. GST and GSH assays were performed in the gill of the blue mussel, the 
hepatopancreas of the estuarine shrimp and the liver of the black bream. 
 
5.2.5 DNA single strand break assay 
 
The DNA single strand break assay was performed at City University of Hong Kong, 
Kowloon, Hong Kong according to the method of Theodorakis et al. (1994).  DNA 
from black bream was extracted and purified using Qiagen Blood and Cell Culture 
DNA Kits® following the manufacturers’ directions. Determination of DNA quantity 
and purity in samples was undertaken using an Eppendorf Biophotometer® set in the 
DSS Genomic DNA mode scanning at an absorbance between 230 to 320 nm and 
measuring DNA maximal absorbance at 260 nm. 
 
The principle of the alkaline agarose gel method is to measure the migration of DNA 
strands through an agarose gel. Smaller DNA fragments will migrate further than larger 
DNA fragments and it might be expected that a genotoxic compound that causes DNA 
strand breakages will result in smaller DNA lengths migrating further through the 
agarose gel. An example of the principle of the alkaline agarose gel method is presented 
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in Figure 5.2. In this example, sonication has fragmented DNA into smaller groups, 
which have migrated further through the agarose gel compared to untreated samples. 
 
The protocols require the unwinding of the DNA double helix to form and maintain 
single stranded DNA (ssDNA). A 1 % alkaline agarose plate is prepared in a mini-plate 
holder and placed into a Fotodyne® mini gel tank with an alkaline running buffer 
consisting of 30 mM NaOH and 2 mM EDTA ≥ ph 12. The gel is left in the alkaline 
buffer to equilibrate for one hour. All samples and markers are loaded with sterile cut 
pipette tips into a loading buffer containing 1 M NaOH, 50% glycerol and 0.05 % 
bromocresol green. The DNA sample is left to unwind in the loading buffer for one 
hour before pippetting into the agarose gel wells. A constant Voltage of 4.5 V/cm at 
300 mAmps is applied for 90 min followed by neutralizing in a buffer containing 200 
mM Tris.HCl at pH 7 for one hour. After neutralization, the gel is stained with 0.5 % 
Ethidium Bromide and ssDNA migration within the agarose gel is revealed under ultra-
violet illumination using a BioRad® Image analyzer. The gel image is photographed 
and saved on computer file for later analysis. 
 
The number of DNA strand breaks was calculated by using the median molecular 
length (MML) method. This method required the gel images to be converted into a 
graph of migratory distance vs. absorbance intensity. The area under the graph that 
could be divided equally in half was calculated to obtain the MML. Figure 5.3 gives 
examples of control and treated samples where the MML points are depicted and are 
representative of a position that divides the area under the absorbance curves into two 
equal halves. The MML of individual samples are compared to the migration distance 
of Hind III markers that have known DNA molecular length fragments. This 
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comparison can then convert MML of the black bream samples into a value of 
nucleotide bases per DNA molecule. 
 
A relative number of stand breaks (RNSB) between treated fish as compared to control 
can be calculated from the following formula (Theodorakis et al., 1994). 
 
RNSB = 1/Ln (exposed) – 1/Ln (control) 
 
Where Ln = 0.6 MML 
 
Where RNSB is the relative number of DNA stand breaks per kilobase (Kb). Ln is the 
calculated average molecular length expressed as the number of nucleotide bases per 
DNA molecule and MML is the median molecular length.  
 
5.2.6 General statistical analysis  
 
Statistical analysis methodologies are contained in chapter 2 and are summarised in 
Davies et al. (2005). 
 
 
 
 
 
 - 100 -
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2: DNA migration distance in 1% alkaline agarose gel. Comparison between 
untreated and treated with sonication 
 
 
 
 
 
 
 
 
 
 1 2 3 4 5 6 7 8 9 10 11 12 
Key to alkaline gel electrophoresis lanes 
Lane 1:  Marker - Hind III 
Lane 2:  Untreated DNA 50 ng (control) extracted by mortor and pestle 
Lane 3:  Treated DNA to 5 second sonification 
Lane 4:  Treated DNA to 10 second sonification 
Lane 5:  Treated DNA to 30 second sonification 
Lane 6:  Treated DNA to 60 second sonification 
Lane 7:  Treated DNA to 120 second sonification 
Lane 8:   Marker – Hind III 
Lane 9:   Untreated DNA 50 ng extracted by homogenization 20 seconds 
Lane 10: Untreated DNA 100 ng extracted by homogenization 20 seconds 
Lane 11: Untreated DNA 50 ng extracted by homogenization 10 seconds 
Lane 12: Untreated DNA 100 ng extracted by homogenization 10 seconds 
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Figure 5.3: Absorbance vs. migration distance plots of scanned agarose gels, containing 
(A) 50 ng black bream DNA untreated and (B) treated with a crude extract of N. 
spumigena containing 7 µg / kg nodularin per body weight of fish.  
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5.3 Results: 
 
5.3.1 Nodularin concentrations in extract and Gippsland Water samples 
 
A total of 54 μg / L nodularin was measured in water samples collected on the 20th 
February 2002 from the Gippsland Lakes. Analyses of the stock solution of N. 
spumigena extract using the same method (Chapter 2.2) yielded a nodularin 
concentration of 3.75 mg/L. Limits of detection of the analytical instrumentation was 
approximately 2 μg / L (Eaglesham pers comm.). 
 
5.3.2 GST and GSH responses in Pacific blue mussel gill collected from a N. 
spumigena bloom and depurated in clean seawater over 26 days 
 
No mussel mortality occurred over the experimental period. Mussels appeared normal 
with low siphon activity. 
GST response 
No significant differences in mean GST activity were observed over the 26 day 
depuration period (Figure 5.4a), A regression analysis showed a significant trend for 
mean GST activity to decrease over time to day 19 (R2 value of 0.98). The mean GST 
activity did not decrease significantly in time after the level measured at day 19. 
 
GSH response 
No significant differences in mean GSH concentrations were observed over the 26 day 
depuration period (Figure 5.4b). A regression analysis showed no trend in mean GSH 
concentrations over time (R2 value of 0.16). 
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Figure 5.4a: Mussel gill glutathione S-transferase (GST) activity during a 26 day 
depuration in clean seawater after prior exposure to a Gippsland Lakes N. spumigena 
bloom. Mean ± SE (n=3). 
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Figure 5.4b: Mussel gill glutathione (GSH) concentrations during a 26 day depuration 
in clean seawater after prior exposure to a Gippsland Lakes N. spumigena bloom. Mean 
± SE (n=3). 
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5.3.3 GST and GSH responses in Pacific blue mussel exposed to N. spumigena bloom 
water from  the Gippsland Lakes 
 
GST response 
No significant differences in mean GST activity were observed following a 17 day 
exposure to Gippsland Lakes water taken during a N. spumigena bloom (Figure 5.5a). 
 
GSH response 
No significant differences in mean GSH concentrations were observed following a 17 
day exposure to Gippsland Lakes water taken during a N. spumigena bloom (Figure 
5.5b). A regression analysis showed no trend in mean GSH concentrations over time 
(R2 value of 0.05). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 - 106 -
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5a: Mussel gill glutathione S-transferase (GST) activity after a 17 day 
exposure to Gippsland Lakes N. spumigena bloom water. Mean ± SD (n=3). 
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Figure 5.5b: Mussel gill glutathione (GSH) concentrations after a 17 day exposure to 
Gippsland Lakes N. spumigena bloom water. Mean  ± SD (n=3). 
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5.3.4 GST and GSH response to the N. spumigena crude extract 
 
GST and GSH responses in the gill of the blue mussel (M. edulis) 
 
Treatments with N. spumigena extract, containing both nominal concentrations of 1 μg / 
L (low) and 10 μg / L (high dose) of nodularin significantly increased from the daily 
control on day 1 only (Figure 5.6a). Treatments on day 8 were significantly different 
from each other but not from the control mussels. 
 
GSH significantly decreased on day 1 in both low and high dose treatments of the N. 
spumigena extract (Figure 5.6b). 
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Figure 5.6a: Mussel gill glutathione S-transferase (GST) activity after exposure to an 
extract of N. spumigena containing 1 µg/L (low) and 10 µg / L (high dose) of nodularin 
for 20 days. (a) Represents statistical significance from that of the daily control and (b) 
represents significant difference between treatments. Mean ± SE (n=9). 
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Figure 5.6b: Mussel gill glutathione (GSH) concentrations after exposure to an extract 
of N. spumigena containing 1 µg / L (low) and 10 µg / L (high dose) of nodularin for 20 
days. (a) Represents statistical significance from that of the daily control. Mean ± SE 
(n=9). 
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GST and GSH responses in the hepatopancreas of the estuarine shrimp (M. 
intermedium) 
 
Relative to the control, a significant decrease in GST activity was observed on day 18 
for the N. spumigena 1 μg / L (low) of nodularin exposure (Figure 5.7a).  
 
The N. spumigena extract containing the low dose (1 μg / L) nodularin significantly 
decreased GSH on day 4 and 18 (Figure 5.7b).  
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Figure 5.7a: Shrimp hepatopancreas glutathione S-transferase (GST) activity after 
exposure to an extract of N. spumigena containing 1 µg/L (low) and 10 µg/L (high 
dose) of nodularin for 18 days (n=15) (a) Represents statistical significance from that of 
the daily control and (b) represents significant difference between treatments. Mean ± 
SE (n=15). 
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Figure 5.7b: Shrimp hepatopancreas glutathione (GSH) concentrations during the 
course of an 18 day exposure to a crude extract of N. spumigena containing 1 µg / L 
(low) and 10 µg / L (high dose) of nodularin. (a) Represents statistical significance 
from that of the daily control. Mean ± SE (n = 15). 
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GST and GSH responses in the liver of the black bream (A. butcheri) 
 
No significant differences were observed between the daily controls and glycerol 
(carrier) controls (Figure 5.8a). Relative to the control, GST significantly increased on 
days 1 and 4 to a N. spumigena extract containing 1 μg / kg (low dose) nodularin, with 
a slight but significant decrease to the glycerol control on day 8. The N. spumigena 
extract containing 7 μg / kg (high dose) of nodularin also increased significantly to the 
daily controls on day 4, and a significant decrease to the glycerol control only on day 8. 
 
A significant difference between the daily control and glycerol (carrier) control was 
observed on day 4 (Figure 5.8b). The day 4 glycerol carrier was also significantly 
different to the N. spumigena treatments. GSH concentration on day 8 was significantly 
increased after exposure to the extract containing 1 μg / kg of nodularin for the daily 
control only. 
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Figure 5.8a: Black bream liver glutathione S-transferase (GST) levels after exposure to 
a N. spumigena extract containing 1 µg/kg (low) and 7 µg/kg (high dose) of nodularin 
over 8 days. (a) Represents statistical significance from that of the daily control, (b) 
represents significance from the glycerol control. Mean ± SE  (n=10). 
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Figure 5.8b: Black bream liver glutathione (GSH) concentrations after exposure to a N. 
spumigena extract containing 1 µg / kg (low) and 7 µg / kg (high dose) of nodularin 
over an 8 day period. (a) Represents statistical significance from that of the daily 
control, (b) represents significance from the glycerol control, (c) represents differences 
from N. spumigena extract treatment 1 µg / kg (low) and (d) 7 µg / kg (high dose) of 
nodularin. Mean ± SE  (n=10). 
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5.3.5 DNA damage in bream liver exposed to a N. spumigena extract 
 
The median molecular length (MML) of black bream DNA fragments increased 
significantly on day 4 after treatment to a N. spumigena extract containing 7 µg / kg bw 
of nodularin (Figure 5.9).  
 
The relative number of strand breaks (RNSB) between control fish and treated fish to 
the N. spumigena extract was calculated using the formula in Section 5.2.5 and is 
presented in Table 5.1. On all days, the relative number of DNA stand breaks was 
greater in control fish than in bream treated with the nodularin laden extract. 
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Figure 5.9: Black bream liver DNA median molecular length after treatment with a 
N. spumigena extract containing 7 μg / kg bw of nodularin. (a) Represents statistical 
significance from that of the daily control, (b) represents significance from the glycerol 
control, Mean ± SE (n = 10) 
 
 
 
Table 5.1: Relative number of strand breaks after bream were exposed to a N. 
spumigena extract containing 7 μg / kg bw of nodularin 
 
 
Day 1 4 8 
Ndn Ln 1537 1946 2063 
cont Ln 1428 1517 1839 
RNSB -0.0000497 -0.0001453 -0.0000588 
0
500
1000
1500
2000
2500
3000
3500
4000
4500
0 1 4 8
Day
DN
A 
M
M
L 
(k
b)
Control
Glycerol Control
Ndn extract
a a 
ab
a 
a 
 - 119 -
5.4 Discussion: 
 
5.4.1 Biomarker changes in Pacific blue mussel gill recovered from a N. spumigena 
bloom and water from a N. spumigena bloom 
 
Mussels that endure blooms of N. spumigena would be likely exposed to N. spumigena 
toxins by directly grazing on the blue-green algae or filtering the soluble toxins such as 
nodularin and lipopolysaccharides. Mussels are known to accumulate phycotoxins by 
grazing (Falconer et al., 1992; Amorin and Vasconcelos, 1999). In this research, 
mussels removed from the Gippsland Lakes during the N. spumigena bloom of 2002 
were exposed to concentrations of nodularin of at least 54 μg / L, as measured by the 
water samples taken from the same period. It is likely that nodularin was accumulated 
in the animal, but mussels collected in this investigation were not analysed for 
nodularin body burdens. Other mussels collected from a bloom in the Gippsland Lakes 
during the year 2000 accumulated nodularin at concentrations of 2.5 mg / kg (Van 
Buynder et al., 2001), 1.2 mg / kg and 0.54 mg / kg (Chapter 4), depending on their 
location. The mussels used in this study were collected near the same site (Chinaman’s 
Creek, Metung) as reported in Chapter 4.  
 
Past researchers have shown that placing bivalves into clean water after cyanobacterial 
exposure causes depuration of the cyanotoxin from the animal tissue (Williams et al., 
1997; Amorin and Vasconcelos, 1999).  This chapter presents for the first time 
biomarker changes (mean GST activity and GSH concentrations) in mussel gill after 
translocation from a N. spumigena bloom to clean seawater. Although not substantiated 
statistically, a trend in mean GST activity was observed to decrease over time in clean 
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water (Figure 5.4a). Elevation of GST activity in molluscan tissue has been reported 
after organochlorine exposure (Boryslawskyj et al., 1988) and GST levels have 
increased in mussel gill and hepatopancreas when used as a biomarker in an 
industrialized estuary (Fitzpatrick et al., 1997). This phenomenon supports the theory 
that GST and GSH play important roles in response and detoxification of xenobiotics in 
most organisms (Sipes and Gandolfi, 1986). This has led to considerable interest for 
further developing biochemical indices in molluscs and bringing to light how these 
animals may interact with toxicants (Sheehan and Power, 1999). The current results 
show possible future use for GST and GSH as a measure of N. spumigena toxin 
exposure in aquatic organisms, although it is important to note that in a complex 
environment many toxicants could elicit a Phase II response. 
 
5.4.2 Biomarker Changes observed in the Pacific blue mussel exposed to the 
N. spumigena extract 
 
The N. spumigena extract caused no mortality in the blue mussel during the exposure 
and supports results in Chapter 4 and others such as Lehtonen et al. (2003) who found 
low mortality for the infaunal clam Macoma balthica after treatment with up to 20 mg / 
L N. spumigena or 50 μg / L nodularin and that of Vasconcelos (1995), who describes 
only 0.5% mortality to mussels (Mytilis galloprovincialis) after being fed toxic 
Microcystis.  
 
Changes in GST and GSH in mussel gill after exposure to a N. spumigena extract 
suggests detoxification of toxins such as nodularin may have been initiated. This is 
supported by previous mussels studies where GST and GSH were found to be important 
 - 121 -
in cyanotoxin detoxification (Pflugmacher et al., 1998; Kankaanpää et al., 2001b; Sipiä 
et al., 2002; Karlsson et al., 2005; Chen and Xie, 2005).  
 
Results in this research suggest that the N. spumigena extract initiated a relatively quick 
defensive response in the mussel gill, with GST and GSH change observed on the first 
day of treatment but not after day 4. Variability in biochemical response maybe 
associated with a behavioral strategy to minimise toxicity, such as varying filtering rate. 
Vaconcelos (1995) observed that uptake and depuration of microcystin became variable 
after an initial period. He concluded that mussels respond quickly to toxin 
concentrations by altering their filtering capacity and increasing the purging of 
cyanobacteria by faecal expulsion. Dolmer, (2000) interestingly reported that the 
filtering capacity of mussels is dependent on food concentration, with no filtering 
occurring below a carbon concentration of 0.042 mg /L. Mussels were not fed during 
the current experiment suggesting minimal filtering of water, yet an initial GST and 
GSH response reported here suggests some toxic contact at least during the first day 
that may have stopped in subsequent days.  It is not clear whether the Phase II response 
seen in the gill was from direct surface contact of toxins from N. spumigena or whether 
toxins had been ingested and distributed to the gill. In the case of nodularin, cellular 
uptake is regarded as similar to that of microcystin in that it cannot cross cell 
membranes (Duy et al., 2000) and relies on a carrier mediated transport system 
(Dawson, 1998); however it is possible that other toxic compounds of N. spumigena 
may act directly on the gill membrane surface.  
 
In this research we have demonstrated that GST and GSH response occurs in mussel 
gill after exposure to an extract of N. spumigena. However, it has been shown that the 
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main toxic constituent, nodularin accumulates highest in the hepatopancreas (Svensen 
et al., 2005). We suggest follow up comparative studies of GST and GSH responses in 
gill and hepatopancreas to a N. spumigena extract to help determine the mode of 
toxicity. Comparing GST and GSH response between gill and hepatopancreas will 
further our knowledge as to whether the liberated contents of N. spumigena bloom exert 
toxicity by direct contact to surface membranes or by ingestion and distribution to 
surface (gill) tissue.  To continue hypothesis progression, future work needs to be 
conducted in Hong Kong, where resources and specific expertise is needed. The green 
lipped mussel (Perna viridis) is a common species in Hong Kong and M. edulis is 
unavailable. This mollusk genus could act as a surrogate model for M. edulis, as 
previous research has shown antioxidant enzymes from Perna perna were similar in 
response to M. edulis (Wilhelm Filo et al., 2001). Further justification to the use of P. 
virdis are presented in chapter 1, section 1.5. 
 
5.4.3 Biomarker changes observed in estuarine shrimp exposed to the N. 
spumigena extract 
 
Exposure of shrimp to the N. spumigena extract was at concentrations of nodularin that 
were realistic to an Australian bloom situation (Lake Alexandria, South Australia) 
where senescence occurred (Heresztyn and Nicholson, 1997). The measured 
concentrations of nodularin in the Gippsland Lakes during the 2002 bloom were 
unexpectedly much higher (54 μg / L) in comparison to Lake Alexandria and suggest 
that the Gippsland Lakes organisms are subjected to nodularin concentrations much 
higher than the current experiment exposure concentrations.  
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Shrimp (M. intermedium) exposed to a N. spumigena extract for 18 days showed 
decreasing GST and GSH relative to daily controls; however these decreases were only 
observed for GSH on day 4 and 18 and for GST on day 18. Interestingly, GST and GSH 
decreased only to exposure to the lowest concentration of the N. spumigena extract and 
this is difficult to explain. Mechanisms may have been in place to more quickly respond 
to higher concentrations of toxins of N. spumigena than low concentrations, thereby 
initiating a more efficient GST and GSH response that eliminated the toxins before re-
sampling occurred.  
 
A comparison of the GST and GSH response in the present study with other crustacean 
GST and GSH results to microcystin and nodularin revealed that the current decrease in 
GST was in contrast to other researchers’ results. Pflugmacher et al. (2005) showed 
increased GST activity in prawn hepatopancreas after feeding with food containing 
nodularin. Beattie et al. (2003) demonstrated that a concentration of 0.5 μg / L 
nodularin could induce GST and the conjugate GSH in Artemia salina. Microcystin 
also increased GST in the estuarine crab (Chasmagnathus granulata) hepatopancreas 
(Pinho et al., 2005) and similarly, Vinagre et al. (2002) showed that a microcystin 
extract (39 μg / L) increased GST activity in the estuarine crab gill. It is possible that 
the estuarine shrimp differs in response to N. spumigena toxins in comparison to other 
crustaceans investigated. This animal is endemic to a system that regularly experiences 
very high concentrations of N. spumigena toxins and may have developed a tolerance 
or some other method to reduce toxicity from such blooms of Nodularia. Indeed, 
Kankaanpää et al. (2005) suggested that rapid transformation of nodularin in prawn 
hepatopancreas occurs and maybe the estuarine shrimp had simply detoxified any 
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accumulated xenobiotics before the re-sampling of animals occurred. The decreased 
response of GST and GSH observed on day 18 (and day 4 for GSH) may be seen as 
depleted pools due to intermittent oxidative stress on the animals during these days. 
GST and GSH also play important roles in reducing oxidative damage in cells (Chapter 
1).   
 
5.4.4 Biomarker changes observed in black bream exposed to the N. spumigena 
extract 
 
The black bream is an important commercial fish endemic to the Gippsland Lakes. It is 
both environmentally and economically of interest to investigate the toxic effects of N. 
spumigena on the health of this fish species. An extract of N. spumigena that contained 
nodularin at concentrations of 1 and 7 μg / kg bw injected into black bream caused 
significant changes in the Phase II detoxification enzyme. GST was seen to increase 
significantly on days 1 and 4 from that of the control but was not evident on day 8, 
although deceases from the glycerol control were also observed. GSH results were 
difficult to establish as the glycerol carrier appeared to have affects on GSH levels. It is 
of note that, during the course of the experiment, a significant increase in GSH was 
observed on day 8 with a N. spumigena extract containing 1 μg / kg of nodularin 
compared to the control. Caution in interpretation of the significance of this result is 
necessary as the treatment was not significantly different from the glycerol control and 
the glycerol control had significant effects on GSH levels during day 4 of the 
experiment. 
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Black bream have been reported to accumulate up to 152 μg / kg of nodularin in viscera 
during the 2001 N. spumigena bloom in the Gippsland Lakes (Van Buynder et al., 
2001), levels comparable to flounder (Platichthys flesus) that contained nodularin in 
liver at 130 – 140 μg / kg (Sipiä et al., 2001a), 399 μg / kg (Sipiä et al., 2001b), 400 μg 
/ kg (Sipiä et al., 2002) and 390 – 470 μg / kg (Kankaanpää et al., 2005).  
Detoxification of nodularin in adult fish has been surmised to be similar to microcystin 
detoxification; however no studies have actually investigated Phase II detoxification of 
nodularin or extracts of N. spumigena. Wiegand et al. (1999) reported increases in 
zebra fish (Danio rerio) GST at low concentrations of microcystin. In another study, 
zebra fish were used only in very early life stages before proper development of the 
liver, which has the highest activities of detoxification enzymes. A similar study using 
zebra fish eggs showed an increase in GST using pure microcystin and a significant 
decrease using extract of Microcystis (Pietsch et al., 2001). GST activity also varied 
depending on whether it was soluble (sGST) or microsomal GST (mGST). These 
results were contradicted by Best et al. (2002) who observed no change in sGST and 
mGST in zebra fish eggs exposed to pure microcystin. Similarly, in vitro studies have 
yielded alternative conclusions. Pflugmacher et al. (1998), using GST originating from 
fish eggs and fish (D. rerio), demonstrated that in the presence of microcystin, a GST – 
CDNB reaction could be inhibited. This was supported with a conjugation product of 
microcystin and GSH that was enzyme dependant. Pflugmacher et al. (1998) concluded 
that detoxification of microcystin via GST occurred. Another in vitro study using fish 
hepatocytes showed no changes in GST after exposure to 10 μg / L pure microcystin. 
Changes in GSH did occur, but were more closely associated to oxidative defense (Li et 
al., 2003). In a recent study, the fish Corydoras paleatus was treated with pure 
microcystin and displayed decreases in GST in liver, brain, gill and intestine which 
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interestingly appears opposite to GST induction seen in this current research and other 
marine species (Cazenave et al., 2006) and could be related to the GST response to a 
singular purified toxin. A cyanobacterial extract (as in this study) may illicit a different 
response because of the complex compounds within the extract.  
 
The induction of GST in the presence of a N. spumigena extract suggests increasing 
GST activity may be involved in the biotransformation of N. spumigena toxins. This 
research is the first to confirm that GST in adult fish may play an important role in the 
detoxification of N. spumigena toxins. This supports some research using microcystin 
in juvenile fish (Wiegand et al., 1999) and eggs (Pflugmacher et al., 1998) although 
other studies with microcystin have yielded mixed results. It is interesting that many of 
the observed responses with GST and GSH reported by other researchers fail to 
consider the important role these enzymes play in minimizing oxidative damage. It 
could be proposed that some of the results, especially those involving GSH conjugates 
(e.g. Pfugmacher et al., 1998), may be manifest from enzymatic reactions in response 
to oxidative stress.  
 
5.4.5 DNA Changes observed in black bream exposed to the N. spumigena extract 
 
Measuring strand breakage in DNA can be viewed as a useful biomarker to exposure 
and damage as any alteration of DNA may be ascribed to carcinogenic effects. 
Research has shown that nodularin is regarded as a carcinogen (Duy et al., 2000; Codd 
et al., 2005) and a tumour promoter with greater activity to that of microcystin (Fujiki 
et al., 1996). Administration of an extract of N. spumigena to the black bream 
contained 7 µg / kg bw of nodularin and the results showed no reduction in the relative 
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number of strand breaks in liver. In fact, the negative number suggests that treatments 
containing N. spumigena extract had less strand breaks to that of the controls. 
Surprisingly also, was that the medium molecular length of DNA strands was found to 
be significantly greater in glycerol controls and N. spumigena treatment. The use of a 
glycerol carrier in this research appears in itself to elicit changes that maybe indicative 
of a rapid repair response. This may ultimately lead to an increase in DNA repair and 
an observed improvement in DNA integrity when compared to the controls.  
 
DNA strand breakage is not uncommon in the cell and DNA constantly undergoes a 
transient flux of structural integrity due to normal cellular processes. Cells have the 
capability to quickly induce a response to repair sites that are damaged, and as such 
identifying genotoxic effects from that of normal cellular events is not straightforward 
(Shugart, 2000). Rao and Bhattacharya (1996) showed that microcystin could induce 
DNA strand breakage in mouse liver using a fluorimetric unwinding method but also 
presented qualitative confirmation with agarose gel electrophoresis.  It is of note that 
they administered the toxin with a saline solution and at concentrations of microcystin 
between 3 and 12 times greater than in the current experiment. A saline solution was 
also administered to rats treated with 50 μg / kg microcystin or nodularin (Bouaïcha et 
al., 2005) investigating DNA lesions by adduct formation. The authors concluded that 
the cyanotoxins were not able to covalently bind to DNA but may impart damage by 
secondary effects such as ROS formation, a theory supported by previous microcystin 
research (Žegura et al., 2003).  
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Detoxification enzyme activities described earlier in this discussion may have 
eliminated the toxic solutes before DNA damage may have occurred, although this 
theory does not concur with Rao and Bhattacharya (1996) who concluded that GSH 
extended animal survival but did not prevent microcystin induced DNA damage.  
 
Future work may consider the use of a test species that does not require a carrier or is 
exposed in a different manner that may not confound the results. It is unknown if the 
mixing of the N. spumigena extract with the glycerol carrier affected the delivery or 
bioavailabilty of the toxicant to its target organ. Also, other researchers appear to have 
used higher concentrations of cyanotoxin albeit in some cases environmentally 
unrealistic, but these may be necessary to elucidate an effect.  
 
The agarose electrophoresis method used in this study was chosen over other methods 
because of its simplicity, availability of equipment and relative short time to run the 
experiment (Theodorakis et al., 1994; reviewed by Shugart, 2000) but assumptions are 
made that DNA extraction techniques will be identical and DNA integrity not 
compromised. Shearing of DNA may also be of concern during pippetting into wells, 
although tips were cut to minimise this. Also it is imperative when using the agarose 
electrophoresis method that the DNA loaded into the wells are of equal amounts 
otherwise this will affect the apparent MML value (Theodorakis et al., 1994). Another 
method, known as the COMET assay, also measures DNA breaks and may alleviate 
many of the uncertainties from the agarose electrophoresis method. It is regarded as a 
sensitive, reliable and rapid method for both double and single strand breaks (reviewed 
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by Rojas et al., 1999) and has been used to show that microcystin and an extract of 
Microcystis aeruginosa exposed to rat hepatocytes caused DNA strand breakage. 
 
5.5 Conclusion: 
 
An extract from N. spumigena caused changes in GST and GSH in select species from 
the Gippsland Lakes. These changes may be due to the induction of Phase II 
detoxification processes, although the multiple purposes of GST and GSH in the cell 
warrants further research into other possible protective roles. In most cases the changes 
observed in GST and GSH occurred within the first few days and may direct further 
work towards the use of shorter time periods. The genotoxic effects of an extract of N. 
spumigena were inconclusive using the agarose electrophoresis method, although the 
known antioxidative roles of GST and GSH and the observed changes reported in this 
chapter encourage the adoption of other methods of DNA damage in the future. 
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Chapter 6: Short Term Exposure of a Nodularia spumigena Extract to the 
Green lipped Mussel (Perna viridis): Genotoxic, Regulatory and Detoxification 
Reponses 
 
Research from this Chapter has been published in Davies W.R., Siu W. H., 
Jack R. W., Wu R. S., Lam P. K., Nugegoda D. 2005. Comparative effects of the 
blue green algae Nodularia spumigena and a lysed extract on detoxification and 
antioxidant enzymes in the green lipped mussel (Perna viridis). Marine Pollution 
Bulletin. 51, 1026-33. 
 
6.1 Introduction: 
 
Proliferation of cyanobacteria, commonly called blue – green algae, will occur under 
favourable conditions and may cause what are commonly known as algal blooms. Some 
cyanobacterial blooms are known to produce toxins. The cyanobacteria genus 
Nodularia produces nodularin (Dawson, 1998) which has been classified as a 
hepatotoxin, although recent evidence suggests that nodularin may also possess 
neurotoxic properties (Lehtonen et al., 2003). 
 
The cytotoxicity of microcystin and nodularin has been a focus for much research and 
appears well understood. Cytotoxicosis in hepatocytes is manifested by the inhibition of 
serine-threonine protein phosphatases (PPs) 1, 2A and 3. Inhibition of protein 
phosphatases causes hyperphosphorylation of proteins leading to cell deformation and 
breakdown of structural tissue culminating in intrahaemorrhage damage to the liver 
(Kaya, 1996; Falconer, 1999). 
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Less is known on how cyanotoxins induce pathological cytotoxicity. Generally, well-
developed mechanisms have evolved in most species to counteract dangerous toxins 
entering the body. The ability of cells to have defence systems that modify toxic 
substances in a bid to lower toxicity and increase excretion forms a large part of the 
science of toxicology. It is also known that during the course of detoxification, 
intermediate species may be formed that can bring about cellular damage. Some of 
these intermediate species can be reactive oxygen species (ROS). Evidence suggests 
that nodularin may be implicated in cellular oxidative damage (Lankoff et al., 2002). 
Once formed, ROS can damage a wide range of cellular components including DNA 
and is implicated to many diseases in animals and humans including cancer and aging 
(De Zwart et al., 1999). 
 
A relatively new area of cyanobacteria research is investigating the roles that enzymes 
and oxygen scavengers play in protecting living organisms from cyanotoxins. 
Researchers over the last decade and a half have found compounds such as glutathione, 
vitamin A, E, silymarin, dithioerythritol, melatonin and desferrioxamine being effective 
in the protection of animals cells from cyanotoxin poisoning (Runnegar et al., 1987; 
Hermansky et al., 1991; Mereish et al., 1991; Ding et al., 1998; Lankoff et al., 2002; 
Benitez-King et al., 2003). The link between antioxidant protection and cyanotoxins 
prompted workers to further explore whether cyanotoxins may be genotoxic. 
Epidemiological studies have implicated microcystin in liver cancer of humans (Yu, 
1989; 1995; Ueno et al., 1996) and the tumour promotion properties of the microcystins 
seem well recognized (Ohta et al., 1994; Kuiper - Goodman et al., 1999). A study by 
Ding et al. (1999) suggested that Microcystis extracts showed strong mutagenic and 
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genotoxic effects. Researchers are now reporting the effects of microcystin and 
Microcystis extracts on antioxidant enzymes in different species (Ding et al., 1998; 
Pietsch et al., 2001; Wiegand et al., 2002) and in mice hepatocytes for nodularin 
(Lankoff et al., 2002). 
 
Another cellular protective mechanism against xenobiotics is the induction of 
detoxification enzymes that catalyse toxicant conjugation to glutathione. This 
conjugation effectively increases water solubility of the xenobiotic, and hence, ultimate 
excretion. Phase II activation of glutathione S-transferase enzymes and conjugation of 
glutathione have been reported for microcystin (Kondo et al., 1992; 1996; Pflugmacher 
et al., 1998; 1999; 2001; Wiegand et al., 1999; Takenaka, 2001), crude extracts from 
Microcystis blooms (Pietsch et al., 2001; Best et al., 2002) and other Microcystis 
compounds (Wiegand et al., 2002). 
 
Na+, K+ - ATPase is an important enzyme in osmoregulation of ions in animal cells. 
Gill tissue is recognized as important for monitoring aquatic animal health and response 
to natural and anthropogenic environmental changes (McCormick, 1993). The effect of 
cyanobacteria toxins on ion regulatory enzymes appears scant. Microcystin affecting 
Na+, K+ - ATPase has been investigated in fish gills (Gaete et al., 1994; Bury et al., 
1996) with Bury et al. (1996) assessing the effects of M. aeruginosa extracts on 
ATPase activity. 
 
In a bid to understand the toxicity, mode of action and potential human health 
implications of cyanobacteria, most researchers have used purified toxins and although 
this research has been of extreme value, it is limited in realism. This research chapter 
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uses an extract from N. spumigena to simulate an experimental toxin more analogous to 
the complex soluble contents liberated from a natural bloom or post application of 
algicides to a bloom. Contained within the extract is the cyanotoxin nodularin of which 
two concentrations were selected for this study. The green lipped mussel (P. viridis) 
was chosen as an animal model that typically would endure blooms of N. spumigena. 
The gill and digestive gland were the organs of choice based on the gill’s close contact 
with the external environment and importance of the digestive glands in metabolic 
processes (Wilhelm Filho et al., 2001). Genotoxic effects were evaluated using a 
number of antioxidative enzyme measures and direct DNA damage by COMET assay. 
Detoxification processes were also studied by measuring changes in the Phase II 
detoxifying catalyst, Glutathione S-transferase (mGST) and the xenobiotic conjugate 
Glutathione (GSH). Finally, the osmoregulatory enzyme Na+, K+ -ATPase was 
determined as a general measure of cellular ionic homeostasis. 
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6.2 Methods 
 
6.2.1 Preparation of N. spumigena crude extract 
 
N. Spumigena extract was obtained from a bloom of N. spumigena collected during the 
February 2002 algal bloom in the Gippsland Lakes, Victoria, and South-eastern 
Australia. Preparation of the soluble extract from N. spumigena has been previously 
outlined in Chapter 2.1. 
 
6.2.2 Determination of Nodularin in a N. spumigena crude extract 
 
Nodularin content within the crude extract was characterized at City University of 
Hong Kong, Hong Kong and is discussed in detail in Chapter 2.2 
 
6.2.3 Animal test species and laboratory conditions 
 
Green lipped mussels (Perna viridis) were collected at Kat O, Eastern waters of Hong 
Kong and transferred to the City University of Hong Kong Ecotoxicology laboratory. 
Experimental laboratory conditions and preparation of test animals are presented in 
Chapter 2.4. 
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6.2.4 Exposure experiment 
 
For toxin exposure, concentrations of nodularin were not selected on real bloom 
situations, but more with regard to ensuring an acute toxic response could be observed. 
Also the duration of the experiment did not mimic a bloom event because of the high 
dose of extract applied, observed stress on organisms by day 3 of treatment (mucous 
discharge in high treatment tanks) and conclusions made in Chapter 5. Appropriate 
volumes of the nodularin laden crude extract were diluted into 30 perspex aquaria 
containing filtered seawater to give nominal concentrations of 20 and 200 µg / L of 
nodularin-laden extract. A third treatment containing no toxin served as a control. 
Treatment tanks were randomly assigned onto two shelves to negate external effects 
and duplicated. Six mussels were taken from the holding tank for assays as day 0 
controls and then nine mussels were randomly allocated into each aquaria with a 
seawater volume of 1L per mussel. Animals were selected daily (1, 2, 3) in triplicate 
from each tank, giving a replicate number of 6 per treatment per day. Water was 
exchanged daily and treatments redosed immediately with the nodularin laden 
cyanobacterial extract. Physical parameters of oxygen, pH and salinity were monitored 
over the experiment to ensure appropriate conditions were kept constant. 
 
6.2.5 Water toxin measurements 
 
Concentrations of nodularin in the water were measured during the start of the 
experiment (day 1) and the last day of the experiment (day 3) to assess toxin loss. 
Water samples were collected for nodularin analysis just prior and after addition of the 
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extract. Nodularin concentrations in the water were determined by HPLC-DAD as 
previously described in Chapter 2.2 
 
6.2.6 Enzyme preparation 
 
Preparation of enzyme samples were adapted from Cheung et al. (2001) and described 
in Chapter 2.5. Briefly, fresh gill and digestive gland were excised (≈ 100 mg) and 
transferred to cooled Eppendorf tubes containing 1 ml of cold homogenisation buffer. 
Mussel tissue was macerated using a Ystral® X10/25 homogeniser before centrifuging 
with a Beckman Coulter® Allegra® 21R centrifuge. The clarified microsomal enzyme 
fraction (Livingstone et al., 1992) could be stored at –80 oC or immediately placed on 
ice for the enzyme assays. 
 
6.2.7 Enzyme measurements 
 
Glutathione S-transferase (mGST), Glutathione (GSH) and Glutathione peroxidase 
(GPx) analyses were performed in the gill and digestive gland of the mussel. Lipid 
peroxidation (LPO) and Na+, K+-ATPase were carried out solely in the mussel gill. 
Super oxide dismutase (SOD) was determined in the digestive gland. Methodologies 
for each biomarker are fully described in Chapter 2.5, but were originally referenced 
from the following; Glutathione S-transferase (GST) was adapted from Habig et al. 
(1974) using 1-chloro-2,4-dinitrobenzene (CDNB) (Sigma, St. Louis, MO, USA). Total 
GSH concentrations were determined by the DTNB-GSSG reductase recycling assay 
(Anderson, 1985). Glutathione peroxidase (GPx) was measured using a modified 
method of Flohé and Günzler (1984). SOD determination followed that of Marklund 
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and Marklund (1974). Lipid peroxidation was assessed by determination of 
malondialdehyde (MDA) with thiobarbituric acid (TBA) (Esterbauer and Cheeseman, 
1990). Na+/K+ – ATPase activity was measured by the ouabain – sensitive kinetic assay 
according to McCormick (1993) and protein content was measured following an 
adaptation of Bradford (1976). 
 
6.2.8 COMET assay 
 
The alkaline comet assay followed that of Siu et al. (2004). Briefly, mussel 
haemolymph (15 μl) was combined with low melting point agarose and placed onto a 
CometSlideTM. Slides were placed into a lysis buffer followed by an alkaline 
electrophoresis buffer. Electrophoresis was performed for 30 min, before fixing in 
absolute ethanol for storage. Prior to analysis of comets, each agarose spot was stained. 
Captured images from an Axiovert 100 M confocal microscope (Zeiss, Germany) were 
analysed for DNA strand breaks using VisComet (1.5) image analysis software (Impuls, 
Germany). A total of 100 cells (50 cells from each spot) were scored for each sample. 
 
6.2.9 Statistical analysis  
 
Significance between treatments was determined using ANOVA. Pairwise comparison 
analysis was performed with the Post hoc Tukeys test as described in Chapter 2.8. 
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6.3 Results: 
 
6.3.1 Water toxin measurements 
 
HPLC - DAD analysis showed that the N. spumigena crude extract contained 10 mg / L 
of nodularin that was used as the stock solution for the experiment.  
 
Measurement of nodularin in the water of control tanks showed no detectable levels of 
nodularin at the beginning or end of days 1 and 3. Measurement of nodularin in the 
water of treatments assigned with a nominal concentration of 200 μg / L nodularin 
showed actual mean concentrations of nodularin on day 1 to be 233.3 ± 7.8 μg / L and 
on day 3 to be 199.5 ± 5.0 μg / L immediately upon tank dosing. Interestingly, 24 hours 
after initial dosing, the actual mean concentrations of nodularin in water decreased to 
188.7 ± 8.1 μg / L on day 1 and 151.0 ± 25.5 μg / L on day 3 (Figure 6.1a). Results 
suggest treatment tanks dosed with nominal concentrations of 200 μg / L nodularin 
decreased an average of 13 % after 24 hours. 
 
Similar results were also obtained with treatments receiving a nominal concentration of 
20 μg / L nodularin. Actual mean concentrations of nodularin on day 1 were 32.1 ± 0.4 
μg / L and on day 3 were 27.3 ± 3.3 μg / L immediately after tank dosing. After 24 
hours, actual mean concentrations of nodularin in the water decreased to 29 ± 1.4 μg / L 
on day 1 and to 21.6 ± 8.1 μg / L on day 3. Results suggest that nominal concentrations 
of 20 μg / L nodularin decreased an average 23 % after 24 hours. (Figure 6.1b) 
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Figure 6.1a: Actual mean water concentrations of nodularin from an extract of N. 
spumigena with an original nominal dose of 200 μg / L nodularin. White bars show 
mean nodularin concentrations immediately after dosing treatment tanks. Grey bars 
show actual concentrations 24 hours after dosing.  Mean ± SD (n = 2). 
 
 
 
 
 
 
 
 
Figure 6.1b: Actual mean water concentrations of nodularin from an extract of N. 
spumigena with an original nominal dose of 20 μg / L nodularin. White bars show mean 
nodularin concentrations immediately after dosing treatment tanks. Grey bars show 
actual concentrations 24 hours after dosing.  Mean  ± SD (n = 2). 
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6.3.2 Antioxidation enzyme and oxidative responses to a N. spumigena extract 
 
Glutathione Peroxidase (GPx)  
Green-lipped mussel hepatopancreas showed no significant changes in mean GPx 
activity after exposure to 3 days of a N. spumigena extract containing nominal 
concentrations of 20 and 200 μg / L of nodularin when compared to daily mean controls 
(Figure 6.2a).  
 
The gill of the mussel showed a significant increase in mean GPx activity on day 2 after 
exposure to the N. spumigena extract containing the nominal concentration of 200 μg / 
L of nodularin when compared to the daily mean control. All other days of the 3-day 
exposure showed no significant changes in mussel gill GPx activity when compared to 
corresponding daily mean controls (Figure 6.2b). 
 
Super oxide dismutase (SOD)  
Green lipped mussel hepatopancreas (Figure 6.3a) and gill (Figure 6.3b) exposed for 3 
days to a N. spumigena extract containing nominal concentrations of 20 and 200 μg / L 
of nodularin showed no significant changes to mean levels of SOD when compared to 
corresponding daily mean controls. 
 
Lipid Peroxidation (LPO)  
Green lipped mussel gill exposed to a N. spumigena extract containing nominal 
concentrations of 20 and 200 μg / L of nodularin for 3 days increased mean LPO on day 
1 in the treatment containing the nominal concentration of 200 μg / L of nodularin 
when compared to the daily mean control. All other days of the 3-day exposure showed 
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no significant changes in mussel gill LPO levels when compared to corresponding daily 
mean controls (Figure 6.4). 
 
 
 
 
 
 
 
Figure 6.2a: Green lipped mussel hepatopancreas mean glutathione peroxidase (GPx) 
activity after exposure to an extract of N. spumigena containing nominal concentrations 
of 20 (low dose) and 200 µg / L (high dose) nodularin for 3 days. Mean ± SE (n=6). 
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Figure 6.2b: Green lipped mussel gill mean glutathione peroxidase (GPx) activity after 
exposure to an extract of N. spumigena containing nominal concentrations of 20 (low 
dose) and 200 µg / L (high dose) nodularin for 3 days. (a) Represents a statistical 
significant value that is different from the mean daily control. Mean ± SE (n=6). 
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Figure 6.3a: Green lipped mussel hepatopancreas mean superoxide dismutase (SOD) 
activity after exposure to an extract of N. spumigena containing nominal concentrations 
of 20 (low dose) and 200 µg / L (high dose) nodularin for 3 days. Mean ± SE (n=6). 
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Figure 6.3b: Green lipped mussel gill mean super oxide dismutase (SOD) activity after 
exposure to an extract of N. spumigena containing nominal concentrations of 20 (low 
dose) and 200 µg / L (high dose) nodularin for 3 days. Mean ± SE (n=6). 
 
 
 
 
0.0
5.0
10.0
15.0
20.0
25.0
30.0
35.0
0 1 2 3
Days
SO
D
 A
ct
iv
ity
 (U
/m
g 
pr
ot
ei
n) control
Low
High
 - 145 -
 
 
 
 
 
 
 
Figure 6.4: Green lipped mussel gill mean lipid peroxidation (LPO) levels after 
exposure to an extract of N. spumigena containing nominal concentrations of 20 (low 
dose) and 200 µg / L (high dose) nodularin for 3 days. (a) Represents a statistical 
significant value that is different from the mean daily control. Mean ± SE (n=6). 
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6.3.3 Detoxifying enzyme responses 
 
Glutathione (GSH) 
Green lipped mussel hepatopancreas showed no significant change in mean GSH 
concentrations following 3 days of exposure to an extract from N. spumigena 
containing nominal concentrations of 20 and 200 μg / L of nodularin when compared to 
corresponding daily controls (Figure 6.5a).  
 
The mussel gill showed significant increases in mean GSH levels on day 2 of exposure 
to the N. spumigena extract containing the nominal concentration of 200 μg / L of 
nodularin when compared with the daily mean control. All other days of the 3-day 
exposure showed no significant changes in mussel gill GSH concentrations when 
compared to corresponding daily mean controls (Figure 6.5b). 
 
Glutathione – S - transferase (mGST) 
Green lipped mussel hepatopancreas mean mGST activity significantly increased on 
day 1 following exposure to an extract of N. spumigena extract containing the nominal 
concentration of 200 μg / L nodularin (high dose) when compared to the daily mean 
control. All other days of the 3-day exposure showed no significant changes in mussel 
hepatopancreas mGST activity when compared to corresponding daily mean controls 
(Figure 6.6a).  
 
Mussel gill mean mGST activity significantly decreased on day 1 after exposure to both 
treatments of N. spumigena extract containing nominal concentrations of 20 and 200 
μg/L nodularin when compared to the daily mean control. All other days of the 3-day 
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exposure showed no significant changes in mussel gill mGST activity when compared 
to corresponding daily mean controls (Figure 6.6b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.5a: Green lipped mussel hepatopancreas mean Glutathione (GSH) 
concentrations after exposure to an extract of N. spumigena containing nominal 
concentrations of 20 (low dose) and 200 μg / L (high dose) nodularin for 3 days. Mean 
± SE (n=6). 
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Figure 6.5b: Green lipped mussel gill mean glutathione (GSH) concentrations after 
exposure to an extract of N. spumigena containing nominal concentrations of 20 (low 
dose) and 200 μg / L (high dose) nodularin for 3 days. (a) Represents a statistical 
significant value that is different from the mean daily control. Mean ± SE (n=6). 
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Figure 6.6a: Green lipped mussel hepatopancreas mean Glutathione – S - transferase 
(mGST) activity after exposure to an extract of N. spumigena containing nominal 
concentrations of 20 (low dose) and 200 μg / L (high dose) nodularin for 3 days. (a) 
Represents a statistical significant value that is different from the mean daily control. 
Mean ± SE (n=6).  
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Figure 6.6b: Green lipped mussel gill mean Glutathione – S - transferase (mGST) 
activity after exposure to an extract of N. spumigena containing nominal concentrations 
of 20 (low dose) and 200 μg / L (high dose) nodularin for 3 days. (a) Represents 
statistical significant values that are different from the mean daily control. (b) 
Represents a statistical significant value that is different between both daily mean 
concentrations of nodularin. Mean ± SE (n=6). 
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6.3.4 Regulatory enzyme response 
 
ATPase results 
Green lipped mussel gill mean ATPase activity significantly increased on day 1 after 
exposure to a N. spumigena extract containing nominal concentrations of 200 µg / L of 
nodularin (high dose) when compared to the daily mean control.  All other days of the 
3-day exposure to a N. spumigena extract containing nominal concentrations of 20  
(low dose) and 200 µg / L of nodularin (high dose) showed no significant changes in 
mussel gill ATPase activity when compared to corresponding daily mean controls 
(Figure 6.7). 
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Figure 6.7: Green lipped mussel gill mean ATPase activity after exposure to an extract 
of N. spumigena containing nominal concentrations of 20 (low dose) and 200 µg / L 
(high dose) nodularin. (a) Represents a statistical significant value that is different from 
the mean daily control. Mean ± SE (n=6).  
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6.3.5 Genotoxic Effects 
 
COMET assay results 
Green lipped mussel haemolymph mean DNA strand breaks significantly increased on 
day 2 after exposure to a N. spumigena extract containing a nominal concentration of 
20 μg / L nodularin (low dose). All other days of the 3-day exposure to a N. spumigena 
extract containing nominal concentrations of 20  (low dose) and 200 µg/ L of nodularin 
(high dose) showed no significant change in mean DNA strand breakage when 
compared to corresponding daily mean controls in (Figure 6.8). 
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Figure 6.8: Green lipped mussel haemolymph mean DNA stand breakage after 
exposure to an extract of N. spumigena containing nominal concentrations of 20 (low 
dose) and 200 μg / L (high dose) nodularin for 3 days. (a) Represents statistical 
significant values that are different from the mean daily control. Mean ± SE (n=6). 
 
 
 
 
 
 
 
0
200
400
600
800
1000
1200
1400
1600
0 1 2 3
Day
Ta
il 
O
liv
e 
M
om
en
t 
(a
rb
itu
ar
y 
un
it)
Control
Low
High
a 
 - 155 -
6.4  Discussion: 
 
Research into the toxic effects of N. spumigena has often focused on the toxin 
nodularin, although other toxic constituents of blue – green algae are known to be 
harmful to animals (i.e. lipopolysaccharides). Experimentally, aqueous exposure of the 
test species was conducted with nominal concentrations of nodularin (200 μg / L and 20 
μg / L) in the N. spumigena extract. It was possible to quantify nodularin in the water 
and it was of interest to see whether nodularin concentrations altered over dosing 
periods (24 hours) as changes / no changes in water concentrations of nodularin may 
provide explanation to biomarker responses.  Actual mean initial concentrations on 
days 1 and 3 revealed that nodularin concentrations were higher than the nominal 
assignment (i.e. day 1 nominal 200 μg / L nodularin = actual 223 μg / L nodularin) and 
most likely related to human inaccuracy in precise measurement of volumes of water in 
experimental tanks or N. spumigena extract measured in the measuring cylinder. More 
interestingly, an 18 % decrease in nodularin concentrations was observed in the water 
of treatment tanks after 24 hours of dosing (Figures 6.1a and 6.1b). An explanation for 
this nodularin loss maybe from microbial or photochemical degradation in water. Also, 
absorption to surrounding substrates or the bioaccumulation in animal tissue may give 
explanation to decreases in nodularin over time. This is supported by research from 
Heresztyn and Nicholson (1997) that showed nodularin had a half-life of 24 hours in 
unfiltered summer lake water but a slower degradation in chilled lake water. 
Microcystin, which is similar in structure to nodularin, is also known to degrade in 
reservoir water (Cousins et al., 1996) and effluent bacterial populations (Lam et al., 
1995). In high purity aqueous solutions, microcystins are reported to be relatively stable 
(reviewed by Nicholson and Burch (2001), but are susceptible to microbial degradation 
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in unfiltered waters. Duy et al. (2000), in a review, suggested that the rate of 
biodegradation of microcystins may be related to the availability of degradation 
bacteria. The current work minimised bacterial populations by using filtered seawater, 
and therefore may have reduced bacterial degradation. However, the seawater was not 
sterile and aseptic techniques were not employed. The introduction of the mussels 
would have further added natural bacterial populations to the experiment. Another 
possible cause for nodularin breakdown is from photolysis. The current experiment 
used a clarified extract containing soluble pigments such as chlorophyll a, β - carotene, 
mixoxanthophyll, phycocyanins, allophycocyanins and phycoerythrins. Twist and Codd 
(1997) demonstrated under outdoor conditions that nodularin concentrations 
significantly decreased in samples containing photopigments. It has also been reported 
that microcystin undergoes accelerated photochemical degradation in the presence of 
cyanobacterial pigments (Tsuji et al., 1994; 1995). This may help explain observed 
nodularin decreases during this experiment, although the experiment was conducted 
inside a laboratory and concentration declines of nodularin appear less severe than 
those reported by Twist and Codd (1997). Another important explanation to the loss of 
nodularin between dosing periods could be absorption onto various substrates. Work 
conducted by Hyenstrand et al. (2001) demonstrated that microcystin was lost due to 
adhesion to glassware and plastic pipette tips. Nodularin concentration differences 
observed during the current experiment may be associated with absorption onto the 
glass aquaria or possibly the mussel shells. It may also be expected that changes in 
nodularin concentrations over time may be due to toxin uptake by the mussel. 
Bioaccumulation of nodularin into molluscan tissue has been substantiated by a number 
of authors (Falconer et al., 1992; Sipiä et al., 2001b; Van Buynder et al., 2001; 
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Lehtonen et al., 2003) and although no confirmative body tissue burdens were 
incorporated into this research, it is plausible that bioaccumulation may have occurred. 
 
Enzyme studies in the mussel have generally demonstrated that the hepatopancreas is 
the organ containing the highest cellular enzyme levels (Livingstone et al., 1990). In 
this current research, basal levels of enzymes (i.e., controls of GPx, and GSH) in the 
hepatopancreas were approximately 500 % greater than that of the gill. SOD levels 
were about 50 % greater in the hepatopancreas and GST varied but was overall higher 
in the hepatopancreas. These tissue specific levels appear to be in accordance with 
earlier studies (Gamble et al., 1995; Cheung et al., 2001) and differences may be 
related to the physiological functions performed by each tissue (Livingstone et al., 
1990; Sheehan and Power, 1999).  
 
Responses in the P. viridis gill and hepatopancreas often differed after cyanobacterial 
treatment. The hepatopancreas was least responsive to the N. spumigena extract with 
the only observable response being a small but significant increase in GST upon 
exposure to the N. spumigena extract containing 200 μg/L nodularin. This is 
interesting, since it is generally accepted that microcystins are taken via the digestive 
tract (Dawson, 1998; Kuiper - Goodman et al., 1999) and an expected toxic response 
might be first observed in this organ. The difference between gill and digestive 
responses may be explained from an exposure perspective, where the aqueous extract 
had to pass over the gills during respiration, whilst toxin may not have entered the 
digestive tract or have been restricted by the animal. It is of note that mussels were not 
fed during the experiment and this may have minimised digestive processes, as has 
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been supported by the previous work of Dolmer (2000), who reported that mussels 
would only feed above a certain food concentration.  
 
In mussel gill, the enzymes GPx, GST, ATPase, the protein GSH and lipid peroxidation 
showed significant change after exposure to the N. spumigena extract. It has been 
reported that the cyanotoxin microcystin does not easily cross cell membranes (Kuiper - 
Goodman et al., 1999) based on its large molecular size (Opperhuizen et al., 1985), low 
log Dow value (De Maagd et al., 1999) and its preferential uptake via the bile acid 
transport system (Runnegar et al., 1991). Most researchers expect similar behaviour 
from nodularin, which has been determined to be structurally similar and comparatively 
hydrophobic (Annila et al., 1996). We report that the gill showed greater effects to the 
N. spumigena extract than the hepatopancreas, suggesting either the unlikely passive 
transport of nodularin across the gill membrane, or that other constituents of the extract 
acted on the gill. Toxic responses to cyanobacterial extracts or constituents have been 
demonstrated (Penaloza et al., 1990; Forsyth et al., 1992; Haney et al., 1994; Kaya, 
1996; Oberemm et al., 1997; 1999; Best et al., 2001; 2002; 2003) and are often more 
pronounced than the pure cyanotoxin (Oberemm et al., 1997; 1999; Pietsch et al., 2001; 
Best et al., 2002). 
 
Phase II detoxification mechanisms in the mussel were examined by studying GST and 
the conjugate GSH. Results in the gill showed a decrease in GST on the first day of 
treatment with the N. spumigena extract. This appears in accordance with other workers 
using cyanobacterial extracts or components of cyanobacterial blooms (Pietsch et al., 
2001; Best et al., 2002; Wiegand et al., 2002) but opposite to that observed in Chapter 
5. It is interesting that cyanobacterial extracts generally decrease enzyme activity whilst 
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purified toxins either increase GST activity (both mGST and sGST) or show no 
significant changes (Pflugmacher et al., 1999; Wiegand et al., 1999; 2002; Pietsch et 
al., 2001; Best et al., 2002; Beattie et al., 2003; Li et al., 2003). Exceptions to this 
observation are work with Daphnia magna (Wiegand et al., 2002) and fish Corydoras 
paleatus (Cazenave et al., 2006). This opposing enzymic response is clearly highlighted 
in this current research, where a significant decrease in GST is reported for a N. 
spumigena extract. This is emphasised by the recent work of Beattie et al. (2003), who 
showed an opposing increase in mGST using pure nodularin. It could be suggested in 
this current research that the dominant toxic constituent of N. spumigena may not 
necessarily have been nodularin. Although the concentration of nodularin is 
considerably higher in this research to that in Chapter 5, much higher concentrations of 
other toxic solutes in the extract may have masked a nodularin effect and inhibited GST 
activity.  
 
This brings into question what happens in a real life situation during the course of a 
cyanobacterial bloom and the importance of other toxic compounds in cyanobacteria. If 
constituents of a bloom can inhibit GST induction, possibly by the phosphorylation of 
GST subunits (Beattie et al., 2003), this may interfere in the elimination of cyanotoxins 
(Pflugmacher et al., 1998). GST also has a role as a ROS scavenger and whether 
alterations in GST levels change the status of oxidative stress or the ability for 
cyanotoxin detoxification needs further clarification. Fitzpatrick et al. (1997) concluded 
that GST induction was not a function of oxidative stress in Mytilus edulis and this 
suggests that the observed GST changes seen in this research may be associated with 
Phase II detoxification of N. spumigena toxins. 
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Mussel gill GSH concentrations increased on day 2 exposure and may support evidence 
of Phase II detoxification of toxins. Nodularin – GSH conjugates have been reported in 
the brine shrimp (Beattie et al., 2003) and mussel (Sipiä et al., 2002), but conflictingly, 
Pflugmacher et al. (2001) and Lehtonen et al. (2003) reported no GSH-nodularin 
conjugates in the reed plant and clam respectively. Increased levels of GSH reported in 
this paper are in accordance with the only other study into extracts from cyanobacterial 
blooms and measured GSH levels (Ding et al., 2000). GSH is recognized as an 
important antioxidant by sequestering free radicals and protecting cells from 
cyanotoxin cytotoxicity (Hermansky et al., 1991; Ding et al., 2000). Ding and Ong 
(2003) recognised that changes in GSH may alter the antioxidant balance in the cell and 
increase oxyradical damage from cyanobacterial toxins. Whether increases in GSH 
concentrations were in response to detoxification or oxidative stress from the N. 
spumigena extract is difficult to ascertain, but warrant further elucidation. Increases in 
cellular GSH from cyanobacterial extracts reported here and by Ding et al. (2000) 
contrast with the depletion of GSH pools observed when using pure cyanotoxins 
(Runnegar et al., 1987; Ding and Ong, 2003; Li et al., 2003) and again highlight 
differing effects of cyanobacterial extracts and pure cyanotoxins.  
 
Indirect evidence of ROS formation and oxyradical damage may be implied from the 
COMET assay results and the measured antioxidative responses. An increase in DNA 
strand breakage was observed on the second day with the 20 μg / L nodularin laden 
extract. Interestingly, no observable differences were observed on day 1 or day 3 
exposure with the 200 μg / L nodularin extract.  Researchers applying the COMET 
assay to microcystin have shown that DNA strand breaks are transient during excision 
repair of DNA and that increases were observed over a few hours before declining 
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(Ding et al., 1999; Žegura et al., 2003). If DNA strand breakage from the N. spumigena 
extract occurred quickly (within 6 hours) followed by DNA repair, then effects may 
have been overlooked during the experiment as the first sampling was not till 24 hours 
after exposure. This has been supported recently by Lankoff et al. (2006), who showed 
a dose dependant increase in DNA strand breakage with nodularin in human hepatoma 
cell lines for a period up to 24 hours, but by 48 hours the level of damage was 
considered low. 
 
Another hypothesis to explain the results is that DNA damage from nodularin maybe 
masked if DNA repair was initiated at low concentrations, or the rate of DNA repair 
was equal to nodularin induced DNA damage. Other authors have reported that a toxin 
threshold concentration is needed to initiate DNA repair processes and once the 
threshold is reached, effective DNA repair occurs which may balance DNA damage 
even at high toxic concentrations, therefore masking DNA damage (Black et al., 1996; 
Ching et al., 2001; Sui et al., 2004). Importantly, below this DNA repair threshold, low 
doses of a toxicant may begin to impart DNA damage. We suggest that this may 
explain why DNA damage was seen on day 2 in the low dose (20 μg / L nodularin) but 
not with the high dose, because efficient DNA repair may have been occurring. The 
presence of DNA repair inhibitors may prevent DNA repair occurring and should be 
incorporated into future work to help elucidate whether DNA damage is evident in high 
treatments of the N. spumigena extract. 
 
Supporting evidence of N. spumigena genotoxicity may come from examining the 
antioxidative enzymes results.  Livingstone et al. (1990) concluded that pollution 
mediated oxyradical generation occurs in vivo in molluscs and therefore, enzymes such 
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as GPx may be useful biomarkers of free radical formation and damage to DNA and 
other cellular components. The N. spumigena extract containing the 200 μ g/ L of 
nodularin did induce significant increases in gill GPx on day 2, therefore minimising 
oxyradical damage seen in the results of the COMET assay at least on that day.  
Moreover, the observed GPx increase seen in the mussel gill is in contrast to decreases 
using purified cyanotoxins in mouse liver (Lankoff et al., 2002) and fish (Cazenave et 
al., 2006; Jos et al., 2005) but correlates well to our theory that pure toxins and extracts 
produce opposing enzyme responses. Caution should be used in correlating 
antioxidative enzyme response to DNA damage in the current experiment, as enzyme 
responses and DNA damage were observed in different P. viridis cells (i.e., 
haemolymph, gill and digestive gland).  
 
Other antioxidative enzymes measured were SOD and LPO. In the mussel gills 
increases in lipid peroxidation were observed on day 1 and 3 of treatment (Figure 5.4), 
further supporting that N. spumigena constituents cause ROS formation. Nodularin has 
been implicated in lipid peroxidation (Lankoff et al., 2003). Noteworthy was a 
significant induction of GPx on day 2 coinciding with reduced lipid peroxidation. Other 
researchers have highlighted the importance of GPx in reducing LPO (Cazenave et al., 
2006; Gehringer et al., 2004).  
 
SOD results showed too much variability to interpret any significant changes. The 
experimental results also showed that changes in enzymes and antioxidants from 
cyanotoxin exposure appeared transient, with significant responses seen on some days 
but not others.  
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This research is the first to report DNA damage from a N. spumigena extract, although 
increased DNA damage has been observed with Microcystis extracts (Ding et al., 1999) 
and pure microcystin (Rao and Bhattacharya, 1996). Further circumstantial evidence of 
possible DNA damage has been reported from researchers showing ROS formation 
from nodularin (Lankoff et al., 2002), the closely related okadaic acid, (Benitez-King et 
al., 2003) and microcystin (Ding and Ong, 2003; Zegura et al., 2003). 
 
ATPase response in the gill increased on the first day of exposure to the N. spumigena 
extract containing a nominal concentration of 200 μg / L nodularin. Previous ATPase 
studies have shown an inhibitory effect of cyanotoxins and cyanobacteria (Gaete et al., 
1994; Zambrano and Canelo, 1996; Vinagre et al., 2002). Changes in ATPase activity 
in Tilapia gills has been reported to be more associated with constituents of 
cyanobacteria than pure toxin (Bury et al., 1996; 1998). Increased ATPase activity can 
be interpreted as a stress response resulting in increased respiration in the mussels when 
exposed to the N. spumigena extracts containing nodularin in the highest concentration 
used in this study. After 48 hours, the mussels seemed to have recovered and no 
difference could be observed between control groups and treated groups. 
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6.5 Conclusion: 
 
It has been shown that an extract from N. spumigena induces physiological changes in 
the green lipped mussel. These effects, such as increased GPx, GSH, and the inhibition 
of GST are often in contrast to the effects of purified toxins and those observed in 
Chapter 5. The use of the green lipped mussel has some similarities to other species that 
do endure blooms of N. spumigena, including similar antioxidant defences (see chapter 
1, section 1.5). As such, these results give relevant insight of the affects of N. 
spumigena blooms on those sessile animals. ROS formation may be a consequence of 
exposure to the lysate of N. spumigena, causing increased DNA damage as observed 
using the COMET assay. Further to this, different biochemical responses were observed 
between the gill and digestive gland exposed to the N. spumigena extract and warrant 
further investigation. 
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Chapter 7: Effects of Nodularia spumigena on detoxification and antioxidant 
enzymes in the Green lipped mussel (Perna viridis) 
 
Research from this Chapter has been published in Davies W.R., Siu W. H., 
Jack R. W., Wu R. S., Lam P. K., Nugegoda D. 2005. Comparative effects of the 
blue green algae Nodularia spumigena and a lysed extract on detoxification and 
antioxidant enzymes in the green lipped mussel (Perna viridis). Marine Pollution 
Bulletin. 51, 1026-33. 
 
7.1 Introduction: 
 
Cyanobacterial constituents have been shown to be toxic to animals and humans. N. 
spumigena is an estuarine cyanobacteria that has been shown to possess toxic 
properties and reported to have caused death to animals (Chapter 1).  The main toxic 
solute that has been studied in N. spumigena is nodularin and it has been established 
that this cyanotoxin is hepatotoxic and considered carcinogenic (Codd et al., 2005). 
Cyanobacteria such as N. spumigena are known to also have other toxic components 
such as lipopolysaccharides.  
 
The experimental application of a N. spumigena extract in chapters 5 and 6 was 
simulated to mimic toxin liberation from a N. spumigena bloom when conditions 
become unfavourable for continual growth of the cyanobacteria and the bloom begins 
to go into decline. In this scenario, the N. spumigena cells begin to form surface 
scums, which pile up and then break down, liberating the soluble component into the 
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surrounding waters and exposing animals to toxic aspects of the lysis (Carmichael, 
1992a).  
 
Intoxication of aquatic life may be entirely different during the early and high growth 
phases of a N. spumigena bloom as toxin production is related to growth rate (Sellner, 
1997), which is dependant on environmental stressors such as salinity (Blackburn et 
al., 1996). The onset of a N. spumigena bloom typically sees an exponential growth in 
cell numbers. Growing cells that are healthy may contain high concentrations of 
toxins such as nodularin but as the cells decompose they release toxins into the water. 
Observations of N. spumigena in a Tasmanian lagoon in Australia showed highest 
nodularin levels when the growth of N. spumigena was at its peak, and these declined 
after senescence (Jones et al., 1994). Similar findings between cell numbers and toxin 
content were reported in Lakes Alexandria and Albert in South Australia (Heresztyn 
and Nicholson, 1997). Filter feeders and grazers that consume the harmful algae 
during this period of a bloom may be exposed to poisoning after ingestion of cells. 
Once the cells are digested, they rupture internally and the toxic products are released 
for uptake. 
 
Chapter 6 suggested that a lysed extract from N. spumigena caused changes in 
important physiological enzymes in the green lipped mussel (P. viridis). These 
enzymatic changes were primarily in response to the animal’s ability to protect itself 
from toxic assault. The detoxification enzymes as well as the antioxidant enzymes 
studied varied in their response depending upon which organ the biomarkers were 
located. It was found that the gill was the most responsive organ to the N. spumigena 
extract when compared to the hepatopancreas. The discussion in the last chapter 
 167
suggested that this result might be in part due to the mode of uptake of the 
cyanobacterial toxins. Wiegand and Pflugmacher (2005) in a short review state that 
the main toxic uptake of cyanobacterial toxins by bivalves would be by filtering water 
containing cyanobacteria for their food, with far less being directly absorbed in a 
soluble state. Evidence concerning the feeding behavior of the mussel (Mytilis edulis) 
supports this theory. Dolmer (2000) claims that mussels will cease filtering when a 
carbon content falls below a concentration of 0.042 mg / L. Bioaccumulation of 
cyanotoxins in aquatic bivalve tissue has been observed to be mainly in the 
hepatopancreas (Falconer et al., 1992; Vasconcelos, 1995; Svensen et al., 2005) . 
 
No studies have comparatively investigated whether toxicity to aquatic life is a 
function of the liberated toxins in the surrounding waters or by direct animal 
ingestion. Chapter 7 extends the research findings of Chapter 6 with the aim of 
investigating the effects of N. spumigena ingestion on antioxidative and detoxification 
biomarkers in the green lipped mussel Perna viridis, to see if biomarker responses in 
organs are different to those observed in Chapter 6 under identical laboratory 
conditions. 
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7.2 Materials and Methods 
 
7.2.1 N. spumigena preparation 
 
As previously described in chapter 5, N. spumigena was originally collected using a 
250 μm dip net during the February 2002 algal bloom in the Gippsland Lakes, 
Victoria, South-eastern Australia. Qualitative determination of the cyanobacteria was 
undertaken before being frozen at –80oC and transferred to City University of Hong 
Kong, Hong Kong. As any repeated freeze thawing of the algae would damage the 
integrity of the cells, experimental material was only thawed on the day of the 
experiment.  
 
The N. spumigena was counted using 1 ml of algal sample placed into an Eppendorf 
to which 5 µl Lugols solution (0.6 M potassium iodide, 0.2 M iodine crystals in 20 % 
glacial acetic acid) was added to fix the algal cells. The mixture was transferred to a 
haemocytometer and the number of cells counted under a light microscope. Cell 
counts were triplicated and the mean cell density of each sample was calculated and 
expressed as cells per litre. The calculated cell density was diluted into the treatment 
tanks at a volume to give a final density of either 2 x 105 (low dose) or 2 x 106 (high 
dose) N. spumigena cells per litre of water. These cell numbers used for the 
experiment were similar in density to other reported cyanobacteria blooms in 
Australia (e.g. Heresztyn and Nicholson, 1997; Van Buynder et al., 2001; 
Kankaanpää et al., 2005).  
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7.2.2 Green lipped mussels (Perna viridis) preparation 
 
Green lipped mussels (Perna viridis) were collected from a commercial farmer at Kat 
O, in the eastern waters of Hong Kong, and transferred to the City University of Hong 
Kong ecotoxicology laboratory. Experimental conditions have previously been 
described by Davies et al. (2005) and in Chapter 6. Prior to experimentation, mussels 
were sorted into one size class with a shell length of 7 – 10 cm, cleaned of epibionts 
and byssus, and fed a diet of the green algae Dunaliella tertiolecta. 
 
7.2.3 Dunaliella tertiolecta  
 
D. tertiolecta was cultured in seawater of salinity 30 ppt that was prefiltered through a 
0.45 µm cellulose nitrate filter paper to remove any suspended particles. Filtered 
seawater (10 L) was dispensed into autoclavable containers and autoclaved at 121ºC 
for 15 min. A nutrient solution (100 uL) and 1 ml of medium solution was added to 
the autoclaved seawater. This was followed by the addition of a mother stock of D. 
tertiolecta culture. The bottle was then kept under 24 hour white light for optimal 
algal growth conditions and gently shaken daily to prevent algal colonies settling. 
Algal cell densities were determined by pippetting 1 ml of algal sample into an 
Eppendorf.   Lugols solution was then added to fix the algal cells. The mixture was 
transferred to a haemocytometer and the number of algal cells was counted under a 
light microscope. Cell counts were triplicated and the mean cell density of each 
sample was calculated before adding a volume to the experimental tank that would 
give a final cell density. 
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7.2.4 Exposure experiment 
 
P. viridis were exposed to four experimental conditions (Figure 7.1). Two toxic 
treatments contained N. spumigena at two cellular densities (2×105 cells L-1 {low 
dose}) and 2×106 cells L-1 {high dose}). A third treatment contained an equivalent 
non-toxic carbon source, D. tertiolecta (Non-toxic control) at the highest N. 
spumigena cell density (2×106 cell L-1) and a fourth treatment contained no algae 
(Control). All treatment groups were triplicated. Nine mussels were taken from the 
holding tank for assays as day 0 controls and then 9 mussels were randomly assigned 
to each treatment tank and maintained in a seawater volume of 1 L per mussel in 30 L 
perspex aquaria. Animals were randomly selected each day (1, 2, 3) in triplicate, 
giving a number of 9 replicates per treatment per day. Experimental animals selected 
were immediately placed on ice and used for enzyme analysis. Water, cyanobacteria 
and algae were exchanged daily and the volume adjusted to maintain constant cell 
density and water volume to mussel ratio.  The experiment was terminated after 3 
days as described in Chapter 6. Physical parameters of oxygen, pH and salinity were 
monitored over the entirety of the experiment. 
 
7.2.5 Enzyme assays 
 
Enzyme sample preparations and assays are described in chapter 2; fresh gill and 
digestive gland were excised (≈ 100 mg), macerated and the homogenate clarified for 
all assays. The assays carried out were glutathione S-transferase (mGST), glutathione 
(GSH), glutathione peroxidases (GPx), lipid peroxidase (LPO) and superoxide 
dismutase (SOD). All enzyme assays except superoxide dismutase (SOD) were 
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performed in P. viridis gill and the hepatopancreas. Analysis of SOD in the gill was 
not attempted because of insufficient stock solution of SOD standards. 
 
7.2.6 Statistical analysis  
 
Statistical analysis methodologies are described in Chapter 2 and also summarised in 
Davies et al. (2005). 
.  
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Control Non-toxic Control  2x 106 D. tertiolecta 
High toxic Low toxic 
2x 105 N. spumigena
Sample 9 
mussels / 
treatment / day 
(3 per tank) 
Mussels per tank 
 Day 0 = 12 
Day 1 = 9 
Day 2 = 6 
Day 3 = 3 
Water volume 
= 1L / mussel 
Treatment
Figure 7.1: Exposure of P. viridis to N. spumigena; experimental setup 
 - 173 -
7.3 Results: 
 
7.3.1 Detoxifying enzyme responses to cellular densities of N. spumigena in mussel 
gill and hepatopancreas 
 
Glutathione – S - transferase (mGST) 
Green lipped mussel gill mean mGST activity increased on day 2 following exposure to 
N. spumigena with a cell density of 2 x 105 / L when compared to the daily mean non-
toxic control mGST activity. This increase was not observed when comparing the 
treatment groups to the mGST activity in the daily mean control treatments. All other 
days of the 3-day exposure showed no significant changes in mussel gill mGST activity 
when compared to corresponding daily mean controls (Figure 7.2a). 
 
Green lipped mussel hepatopancreas mean mGST activity increased on day 3 following 
exposure to N. spumigena with a cell density of 2 x 106 / L when compared to the daily 
mean non-toxic control mGST activity.  This increase was not observed when 
comparing the treatment groups to the mGST activity in the daily mean control 
treatments. All other days of the 3-day exposure showed no significant changes in 
mussel hepatopancreas mGST activity when compared to corresponding daily mean 
controls (Figure 7.2b). 
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Glutathione 
Green lipped mussel gill GSH mean concentrations increased on day 2 following 
exposure to 2 x 105 and 2 x 106 / L cells of N. spumigena when compared to levels of 
GSH in the daily mean non-toxic control. Also on day 2, the mean concentrations of 
GSH in the high-density treatment (2 x 106 / L cells of N. spumigena) were higher when 
compared to the corresponding daily control GSH mean concentrations. Interestingly, 
on day 3 the mean concentrations of GSH in the high-density treatment (2 x 106 / L 
cells of N. spumigena) were lower when compared to levels of GSH in the daily control 
and daily mean non-toxic control. No significant change in mussel gill GSH levels was 
observed on day 1 when compared with corresponding daily mean controls (Figure 
7.3a).  
 
Green lipped mussel hepatopancreas mean GSH levels significantly decreased on day 2 
following exposure to 2 x 105 and 2 x 106 / L cells of N. spumigena when compared to 
levels of GSH in the daily mean control and the daily mean non-toxic control. All other 
days of the 3-day exposure showed no significant changes in mussel hepatopancreas 
GSH concentrations when compared to corresponding daily mean controls (Figure 
7.3b). 
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Figure 7.2a: Green lipped mussel gill mean Glutathione – S - transferase activity after 
exposure to N. spumigena 2 x 105 / L (low dose) and 2 x 106 / L (high density) for 3 
days. (b) Represents a statistical significant value that is different from the mean non-
toxic daily control. Mean ± SE (n=9). 
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Figure 7.2b: Green lipped mussel hepatopancreas mean Glutathione – S - transferase 
activity after exposure to N. spumigena 2 x 105 / L (low dose) and 2 x 106 / L (high 
density) for 3 days. (b) Represents a statistical significant value that is different from 
the mean non-toxic daily control. Mean ± SE (n=9). 
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Figure 7.3a: Green lipped mussel gill mean glutathione concentrations after exposure to 
N. spumigena 2 x 105 / L (low dose) and 2 x 106 / L (high density) for 3 days. (a) 
Represents a statistical significant value that is different from the mean daily control. 
(b) Represents a statistical significant value that is different from the mean non-toxic 
daily control. Mean ± SE (n=9). 
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Figure 7.3b: Green lipped mussel hepatopancreas mean glutathione concentrations after 
exposure to N. spumigena 2 x 105 / L (low dose) and 2 x 106 / L (high density) for 3 
days. (a) Represents a statistical significant value that is different from the mean daily 
control. (b) Represents a statistical significant value that is different from the mean 
non-toxic daily control. Mean ± SE (n=9). 
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7.3.2 Antioxidant Enzyme and Oxidative Responses to cellular densities of N. 
spumigena in mussel gill and hepatopancreas 
 
Glutathione Peroxidase (GPx)  
Green-lipped mussel gill showed no changes in mean GPx activity after exposure to 3 
days of 2 x 105 and 2 x 106 / L cells of N. spumigena when compared to the 
corresponding daily mean control and daily mean non-toxic control GPx activities 
(Figure 7.4a).  
 
Green-lipped mussel hepatopancreas showed no changes in mean GPx activity after 
exposure to 3 days of 2 x 105 and 2 x 106 / L cells of N. spumigena when compared to 
the corresponding daily mean control and daily mean non-toxic control GPx activities. 
A slight yet significant difference between the control and non-toxic control mean GPx 
activities was observed on day 2 of the experiment (Figure 7.4b). 
 
Super oxide dismutase (SOD) 
Green lipped mussel hepatopancreas mean SOD activity decreased on day 1 and 3 after 
exposure to 3 days of 2 x 105 and 2 x 106 / L cells of N. spumigena when compared to 
the mean daily control SOD activity.  This decrease was not observed when comparing 
the treatment groups to the corresponding daily mean non-toxic controls. In fact, non-
toxic control groups tended also to be lower to corresponding daily controls and 
significantly lower on day 3. Day 1 of the 3-day exposure showed no significant 
changes in mussel hepatopancreas SOD activity when compared to corresponding daily 
mean controls (Figure 7.5) 
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Lipid Peroxidation (LPO) 
 
Green-lipped mussel gill showed an increase on day 3 in mean LPO levels following 
exposure to 2 x 106 / L cells of N. spumigena when compared to the daily control LPO 
levels. This increase was not observed when comparing the treatment groups to the 
LPO levels in the corresponding daily mean non-toxic control groups. All other days of 
the 3-day exposure showed no significant changes in mussel gill mean LPO when 
compared to corresponding daily mean controls (Figure 7.6a) 
 
Green lipped mussel hepatopancreas mean LPO levels decreased on day 3 following 
exposure to 2 x 105 and 2 x 106 / L cells of N. spumigena when compared to levels of 
LPO in the daily mean control. This increase was not observed when comparing the 
treatment groups to the LPO levels in the corresponding daily mean non-toxic control 
groups. All other days of the 3-day exposure showed no significant changes in mussel 
gill mean LPO when compared to corresponding daily mean controls (Figure 7.6b) 
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Figure 7.4a: Green lipped mussel gill mean glutathione peroxidase (GPx) after 
exposure to N. spumigena 2 x 105 / L (low density) and 2 x 106 / L (high density) for 3 
days. Mean ± SE (n=9). 
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Figure 7.4b: Green lipped mussel hepatopancreas mean glutathione peroxidase (GPx) 
activity after exposure to N. spumigena 2 x 105 / L (low density) and 2 x 106 / L (high 
density) for 3 days. (a) Represents a statistical significant value that is different from 
the mean daily control. Mean ± SE (n=9). 
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Figure 7.5: Green lipped mussel hepatopancreas mean SOD activity after exposure to 
N. spumigena 2 x 105 / L (low density) and 2 x 106 / L (high density) for 3 days. (a) 
Represents a statistical significant value that is different from the mean daily control. 
Mean ± SE (n=9). 
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Figure 7.6a: Green lipped mussel gill mean LPO levels after exposure to N. spumigena 
2 x 105 / L (low density) and 2 x 106 / L (high density) for 3 days. (a) Represents a 
statistical significant value that is different from the mean daily control. (c) Represents 
a statistical significant value that is different between treatment groups. Mean ± SE 
(n=9). 
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Figure 7.6b: Green lipped mussel hepatopancreas mean LPO levels after exposure to N. 
spumigena 2 x 105 / L (low density) and 2 x 106 / L (high density) for 3 days. (a) 
Represents a statistical significant value that is different from the mean daily control. 
Mean ± SE (n=9). 
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7.4 Discussion: 
 
The results of this study revealed that consumption of N. spumigena by the green lipped 
mussel (P. viridis) induced changes in the detoxification enzymes but failed to reveal 
any alterations in oxidative enzymes or lipid peroxidation. 
  
The experimental design incorporated two controls, “with” and “without food” for 
comparison to the exposure with toxic N. spumigena, as this in itself may be considered 
a food source. N. spumigena is known to be consumed by mussels (Svenson et al., 
2005) although it has been generally regarded as a poor nutritional resource for grazers 
(Schmidt and Jónasdóttir, 1997). In most cases, there were no statistical differences 
between the control without food and the control with food (non toxic control) although 
exceptions were observed on day 2 GPx hepatopancreas (Figure 7.4b) and day 3 LPO 
and SOD hepatopancreas (Figures 7.5 and 7.6b). It is known that the biochemistry of 
bivalve molluscs varies in response to food abundance and that the antioxidative 
enzyme activities (e.g. SOD, GPx) and other antioxidant compounds (e.g. GSH) change 
under seasonal factors such as food supply and temperature (Sheehan and Power, 
1999). The differences in control groups with no food and controls with food suggest 
that some oxidative stress may have occurred under starvation conditions. GPx and 
SOD activity were elevated in controls without food (Figure 7.4b and 7.5) and levels of 
lipid peroxidation appear significantly greater in starved groups (7.6b). This is in 
contrast to field studies where high antioxidant levels were attributed to intensified 
metabolism from increased food availability (Leiniö and Lehtonen 2005).  ANOVA 
differentiates differences between all 4 groups in question, and it maybe pertinent to 
discuss N. spumigena treatment effects in relation to both control groups. 
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Activity of GST increased in N. spumigena treatments at day 2 in the gill and day 3 in 
hepatopancreas when only compared to controls containing a non-toxic food source 
(Figure 7.2a and b). Mussel gill GST became elevated after exposure to N. spumigena 
and this  is similar to the extract results seen in Chapter 5 mussel gill and also Chapter 6 
hepatopancreas (albeit on different days). Notably, in the gill N. spumigena caused an 
opposite GST response to that of exposure to an extract of N. spumigena (GST 
decreased when exposed to high extract concentrations) (Chapter 6). This is interesting 
as it was hypothesised in Chapter 6 that the observed decreases in gill GST may have 
been due to other toxic compounds in the N. spumigena extract acting on the gill 
surface and opposite to a GST response using pure nodularin (Beatie et al., 2003) or 
most other pure cyanotoxins (Chapter 6).  Feeding and digesting the N. spumigena 
filaments could internally liberate nodularin that is more easily taken up by an active 
transport system (Dawson, 1998; Kuiper - Goodman et al., 1999) and distributed to the 
gill to produce a nodularin effect on GST (i.e., increase as reported by Beatie et al., 
2003). This increase in GST due to feeding is also in accordance with seasonal GST 
increases reported by Leiniö and Lehtonen (2005) during a N. spumigena bloom. Other 
toxic constituents of N. spumigena may have had little effect by possibly passing 
through the mussel without uptake, but this requires further substantiation. Transient 
changes in GST levels were again observed in the current work as seen in Chapters 5 
and 6 and may be related to a constant flux of enzyme synthesis and depletion to meet 
the cellular defence requirements. As toxin is eliminated, GST enzyme pools may 
return to basal levels. 
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Concentrations of N. spumigena cells caused varied changes in GSH concentrations. In 
the mussel gill, GSH pools increased initially on day 2 but significantly decreased by 
day 3. In the mussel hepatopancreas, a significant decrease in GSH was seen on day 2. 
These results are similar to research using pure cyanotoxins where decreases in GSH 
are reported (Runnegar et al., 1987; Ding and Ong, 2003; Li et al., 2003; Rao et al., 
2005) and that in Chapter 5 where it was hypothesised that nodularin may have been 
the main active toxin. These results, as reported for GST, may be due to nodularin 
being taken up preferentially during N. spumigena digestion and exerting a toxic effect 
that is manifest in depletion of GSH pools, either by conjugation with nodularin or by 
being diverted to minimise ROS damage.  
 
The temporal fluctuation of GSH seen in the gill on day 2 and 3 (Figure 7.3a) has been 
shown to occur by other authors. Bouaïcha and Maatouk (2004) reported an initial 
increase in GSH after 10 ng / ml of nodularin was administered to rat hepatocytes, but 
GSH returned to control levels by 24 hours. Ding et al. (2000) also using rat 
hepatocytes showed a similar response to microcystin, and Norris et al. (2002) 
presented results showing a small reduction in GSH concentrations followed by a 
rebound effect after administration of cylindrospermopsin to mice from the blue green 
alga Cylindrospermopsis raciborskii. These results may not necessarily be comparable 
to the current results presented in Figure 7.3a, as tests were conducted on mammalian 
models, but they at least demonstrate that pools of GSH do vary over time.  
 
The time scale that other authors present for GSH changes should be considered for 
future experiments that investigate enzyme or antioxidant responses. It may be 
necessary to begin measuring enzyme activities well within 24 hours of exposure to N. 
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spumigena toxins. Moreover, digestion of the blue-green algae during the current 
experiment was rapid, and clear water was evident several hours after dosing the tanks, 
and whilst this would not be a limiting factor in a real bloom situation this experimental 
limitation may have caused biomarker responses to be rapid before sampling was 
conducted 24 hours post-exposure. The present experiment was conducted under the 
same sampling regimes as the experiment reported in Chapter 6 for comparative 
purposes. 
 
Two key antioxidant enzymes that prevent oxidative stress from ROS formation are 
GPx and SOD. GPx activity showed no significant changes to either treatment of N. 
spumigena cells, although in the hepatopancreas there was a general observation that 
GPx activity was higher in treatments groups when compared specifically to the non-
toxic control groups (Figure 7.4b). Interestingly, the GPx experiments in Chapter 6 
using the N. spumigena extract showed no change in GPx in the hepatopancreas, but 
induction in the gill after exposure. Comparison of results may suggest that the mode of 
uptake could induce some specific organs before others.  Direct injection of nodularin 
into mice has shown to decrease GPx (Lankoff et al., 2002) and GPx has been shown to 
be induced and inhibited with microcystin dependant on specific organs in fish 
(Wiegand et al., 1999; Li et al., 2003; Jos et al., 2005; Cazenave et al., 2006) and 
mammalian models (Gehringer et al., 2003; Moreno et al., 2005). 
 
The main role of superoxide dismutase (SOD) in cellular defence is to scavenge ROS 
such as the superoxide anion radical (O2-.) and thereby reduce the likelihood of cellular 
damage. SOD has been studied in the liver of mice injected with nodularin and has 
been shown to decrease with increasing concentrations (Lankoff et al., 2002). In the 
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present study, significant decreases in SOD from N. spumigena treatment were 
observed on days 1 and 3 (Figure 7.5) and would be attuned to the results of Lankoff et 
al. (2002). This conclusion draws heavily on overlooking the significant differences 
between the non-toxic food control and the control. When considering the non-toxic 
food control to treatments, the results clearly show that there is no difference between 
non-toxic control and treatment groups and suggests SOD activity is not affected by N. 
spumigena exposure in the hepatopancreas of the mussel. Recently, Pinho et al. (2005) 
reported a similar finding when investigating microcystin on SOD activity in the 
hepatopancreas of the estuarine crab. Indeed, ROS can directly deactivate SOD 
(Escobar et al., 1996) and this could be seen as an observed decrease in SOD (as 
reported by Moreno et al., 2005), or considering the current findings in this paper, SOD 
synthesis may be equalled by ROS deactivation of SOD resulting in no observable 
change. The conclusion that ROS is not being generated by N. spumigena is in conflict 
with microcystin research showing SOD either increases (Jos et al., 2005; Li et al., 
2005) or decreases (Moreno et al., 2005), but nodularin and microcystin do differ in 
structure, cytotoxicity profiles, penetration into the cell, carcinogenicity and possibly 
biotransformation (Bouaïcha and Maatouk, 2004). 
 
When comparing non-toxic control groups to N. spumigena treatments, no change in 
LPO was observed (Figure 7.6a and 7.6b). If comparing control groups to N. spumigena 
treatments, the gill showed an increase in lipid peroxidation on day 3 at the highest N. 
spumigena density. This could possible be correlated with observed deceases in gill 
GSH levels (Figure 7.3a). It has been previously suggested that nodularin causes 
depletion of GSH in association with increased lipid peroxidation, and Bouaïcha and 
Maatouk (2004) propose that nodularin may induce lipid peroxidation linked to 
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cytochrome P450. Increases in lipid peroxidation were reported in Chapter 6 for the N. 
spumigena extract and also for a Microcystis extract (Ding et al., 1998). The use of 
pure cyanotoxins such as nodularin (Bouaïcha and Maatouk, 2004) and microcystin has 
also produced increased LPO (Gehringer et al., 2004; Jos et al., 2005; Moreno et al., 
2005; Pinho et al., 2005; Rao et al., 2005). Paradoxically, decreases in LPO by 
microcystin have also been reported in some organs (Bouaïcha and Maatouk, 2004; 
Cazenave et al., 2006) and the findings of Li et al. (2005) showed no LPO changes 
when fish were fed Microcystis scum. The study presented in this paper shows LPO 
results akin to those results found by Li et al. (2005) if LPO is measured against a 
control group that contain a non-toxic food source (non-toxic control). 
 
One final plausible explanation for a lack of response from the antioxidation enzymes 
and LPO is that the concentrations of N. spumigena fed to the green-lipped mussel were 
too low to elicit a response. This may be attributed to either the N. spumigena densities 
presented to the animals containing not enough toxic solutes to generate ROS 
production, or that the N. spumigena filaments passed through the digestive passage of 
the mussel without being ruptured and thus liberating their toxic solutes. This theory is 
supported by the recent research of Svensen et al. (2005) who demonstrated that a large 
proportion of N. spumigena filaments consumed by the mussel Mytilis edulis passed 
through with intact cells and were egested with the faeces. 
 
Finally, it could be postulated that the current results showed Phase II activation 
following exposure to 2 x 106 / L cells of N. spumigena, where GSH was quickly 
induced and first seen in the hepatopancreas (day 1 shows a non-significant increase in 
N. spumigena treatments) followed by rapid GSH depletion (day 2) (Figure 7.3b). The 
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gill also shows a similar but delayed trend with GSH induced on day 2 and depleted on 
day 3 (Figure 7.3a). Other results are largely based on which control group is selected 
to compare with treatments, but as starvation may itself induce biochemical change it 
might be best to base current results on treatment effects against the non-toxic control 
groups.  
 
7.5 Conclusion: 
 
Research presented in this chapter suggests that grazing on toxic N. spumigena by the 
green-lipped mussel may elicit some detoxification and antioxidative responses.  
Biomarker responses change quickly as the animal biochemical defenses are induced, 
depleted and to toxic assault. Comparison of biomarker response after N. spumigena 
grazing and biomarker response after exposure to an extract of N. spumigena (Chapter 
6) suggest some biomarkers were opposite in response. This may be associated with the 
mode of uptake and the main toxic constituents influencing effect. It is suggested that 
consuming toxic N. spumigena by the green-lipped mussel may have liberated 
nodularin, which first affected the hepatopancreas before affecting other organs. The 
elicited Phase II response was similar to that observed with pure nodularin and opposite 
to that of a N. spumigena extract, although a more definitive effect was only observed 
with GST and GSH and not the antioxidative enzymes or LPO. Confounding these 
results was the possibility of biomarker changes caused by starvation, and it may be 
suggested that interpretation of results should be based around control groups 
containing a non-toxic food source (non-toxic control). The use of the green lipped 
mussel gave a direct comparison to chapter 6 and although this species is unlikely to 
experience N. spumigena blooms the genus Perna is endemic to parts of the world 
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where N. spumigena blooms occur (chapter 1, section 1.5). It is therefore concluded 
that results from this chapter shed light to the affects of mussel exposure to bloom 
densities of N. spumigena.  
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Chapter 8:  Summary 
 
 This thesis has investigated the toxicity of cyanobacterial blooms of N. spumigena, 
with particular emphasis on the effects on estuarine fauna, with special reference to the 
Gippsland Lakes, Australia where recurrent toxic blooms are known. A comprehensive 
review of the toxicity of cyanobacterial toxins was undertaken in Chapter 1, which 
focused more closely on N. spumigena and its known toxins.  
 
Methodologies to quantify cyanotoxins are of great interest to water quality managers, 
health professionals and researchers and a review of current methodologies was 
undertaken in Chapters 1 and 3. From this review it was established that many 
analytical methods often require lengthy extraction and pre-concentration steps using 
organic solvents. Chapter 3 was dedicated to investigating a new method to extract and 
quantify nodularin without conventional cleanup techniques. The use of SPME showed 
promising preliminary results to extract nodularin in water, once pH and salt content 
were optimised in the sample. Further to this, the SPME could be directly interfaced 
with conventional HPLC for quantification of nodularin at concentrations that are of 
interest to water managers and health professionals. 
 
This thesis has also attempted to provide answers to difficult and less tangible questions 
so environmental managers can convey to government and community the impact of N. 
spumigena blooms on ecosystem health. This may be from altering the environment so 
others species or communities cannot function normally (i.e. anoxic events) or by direct 
poisoning, leading to subtle changes in species fitness that could potentially change 
ecosystem balance (i.e. predator – prey relationships or intra / inter-specific 
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competition). This complex understanding of large-scale effects must first begin at the 
cellular level of individual species, where N. spumigena toxins may first affect the cell, 
translating to changes to an organ, then affects an individual and ultimately shifts 
community balance and ecosystem effect. 
 
The principal toxic component identified in N. spumigena is nodularin (Chapter 1.2.2). 
Nodularin has been extensively studied, although other toxic constituents of N. 
spumigena are known (Chapter 1.2.3). In isolation, numerous studies have 
experimentally examined nodularin’s structure, quantification, environmental and 
biological fate and toxicity, yet in a real bloom situation nodularin is liberated into the 
environment with possibly many other compounds that could potentially alter 
nodularin’s known structural and toxic properties.  The study of pure nodularin has 
been essential in developing an understanding in biological fate and toxicity of this 
cyanotoxin and how it translates to higher levels of ecosystem effect. An extension of 
this knowledge and theme throughout this current PhD was to see if a lysis product 
from N. spumigena containing nodularin had similar (or any effects) at the cellular, 
organ or individual level of aquatic species from differing trophic levels (i.e. first order 
consumers (zooplankton – mussel), second (shrimp) and third (fish)). 
 
Appraisal of the scientific merit of the current PhD may be answered by a series of 
questions: 
• Does a lysis product of N. spumigena demonstrate toxic effects to aquatic 
species at the cellular or organ level? 
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Results reported in this thesis suggest that tested species showed biomarker changes in 
all species and trophic levels tested (Chapter 5, 6, 7). Most biochemical biomarkers 
selected did not necessarily reflect cell damage but were indicative of cellular 
protective responses (biomarker of exposure) even when exposed to low concentrations 
of nodularin in the extract. These enzyme responses (Phase II and antioxidative 
enzymes) appeared rapid and transient as the cell quickly took action to prevent 
damage. As such, the concentrations of N. spumigena lysis and exposure periods tested 
showed that the cells of species tested seemed to respond and possibly cope in cellular 
protection. This is supported with the lethality experiments (Chapter 4) that suggested 
test species (except zooplankton) survived exposure to an N. spumigena lysis. A direct 
measure of cellular damage (COMET assay) (Chapter 6) indicated increased damage to 
green-lipped mussel DNA by the N. spumigena lysis, although results again were 
transient and may reflect the ability of the cell to protect and repair itself, either by 
rapid DNA repair or by protective enzyme responses. This direct attack on cell DNA 
may be due to toxins of N. spumigena causing an increase in oxyradical generation and 
was reflected in antioxidative biomarker changes seen in Chapter 6. 
 
Work in Chapter 6 proposed and supported the hypothesis that the mode of uptake may 
play an important role in toxicity of N. spumigena (i.e. nodularin, LPS) imparting 
selective toxicity to different organs of test animals. Surrounding waters after 
senescence of an aging algal bloom may contain high concentrations of a N. spumigena 
lysis. Investigations on biomarkers in Chapter 6 and 7 suggest that this mode of 
exposure to toxins may affect surface cells (i.e. gill) more than interior cells of an 
animal. It was suggested that the animal might make behavioural changes to minimise 
interior toxic assault (i.e. reduce feeding). Nevertheless surface cells are still at risk 
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from exposure to nodularin or other toxic constituents due to the essential requirements 
(i.e. respiration) of an organism. 
 
The actual cause for the reported biomarker responses was also discussed in Chapter 6. 
Other researchers have also shown that Phase II and antioxidative enzymes respond to 
nodularin exposure. Interestingly, the typical biomarker changes seen from exposure to 
nodularin were distinctly different and often opposite to the observed responses 
reported with exposure to the N. spumigena lysate (Chapter 6). Uptake of toxins by 
feeding (Chapter 7) induced biomarker responses (Phase II enzymes) more attuned to 
exposure to pure nodularin. 
 
In summary an extract of N. spumigena did cause cellular biomarker changes in species 
tested, with some evidence of potential cell damage in the form of cellular oxyradical 
damage. Effective repair and defensive mechanisms seem to respond quickly to protect 
or minimise cell damage. 
 
• Does a lysis of N. spumigena demonstrate toxic effects to aquatic species at the 
individual level? 
 
Lethality, the ultimate endpoint of the effect on an individual was tested by exposing 
zooplankton (copepods), shrimp, mussel and fish eggs to an extract containing known 
concentrations of nodularin. Results suggest that only zooplankton demonstrated whole 
animal effects (Chapter 4). Although the N. spumigena extract did not cause mortality 
in most species tested, this is not to say that N. spumigena did not cause sublethal 
changes in the physiology / behaviour of organisms. Observations made in Chapter 
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6.2.4 showed that high concentrations of the lysis product seemed to cause stress in test 
animals (mucous discharge) and initial changes in ATPase activity also suggested that 
the N. spumigena lysis product possibly resulted in changes in respiration in exposed 
organisms. Physiological changes to test species may have consequences on the 
allocation of energy reserves for normal function. Animals under stress from an algal 
bloom may also have reduced fitness that could affect other important functions 
(feeding, avoiding predators etc). At the individual level, it is clear that nodularin can 
accumulate in the tissue of test species. Water sampled in 2002 from the Gippsland 
Lakes, Victoria, Australia showed high levels of nodularin and animals that were 
collected from the previous bloom in 2001 also accumulated high levels of toxins 
(Chapter 4) although it is unknown whether this bioaccumulation is detrimental as 
elimination appears to be rapid (Sipiä et al., 2002a; 2001b; Falconer et al., 1992).  
 
 
• Does a lysis of N. spumigena demonstrate toxicity to aquatic species at the 
community or ecosystem level? 
 
The focus of the current research primarily related to investigating change at lower 
levels of biological organization (i.e. individual species). Extrapolation of the results of 
this research to changes in the community or ecosystem is difficult to predict and 
requires separate research investigations. Nevertheless, environmental managers, policy 
makers and the general public expect science to provide some explanation or guidance 
of the bigger picture on how N. spumigena blooms impact on the health of a system. 
Lethality of the N. spumigena extract to zooplankton may be one important result 
(Chapter 4) that may have consequences on ecosystem balance. Zooplankton play a key 
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role as grazers of algal populations and are an important prey for other invertebrates 
and juvenile fish populations (Ramm, 1983; Rigby, 1982; Green, 1971).  Shifts in 
zooplankton populations or communities as a result of mortalities from exposure to N. 
spumigena toxins would likely affect other communities and their structure, and it is 
therefore possible that ecosystem changes could occur as a result of N. spumigena 
blooms. The effects could be more than short term as reduction in food supply to 
juvenile fish species may change long term fish populations. Whether the demonstrated 
biochemical changes (devoted to cell protection) or DNA damage observed after 
exposure the N. spumigena lysis had an energetic cost on the other aquatic species 
tested is not fully known. However, if a reduction in fitness was caused by a bloom of 
N. spumigena it may affect an organism’s ability to survive in the environment. This 
leads to population changes and affects community and ecosystem stability. 
 
This project has provided valuable information on the consequences of exposure of 
estuarine fauna to blooms of N. spumigena. The research aimed to further knowledge 
on how blooms of N. spumigena, although not necessarily lethal to Australian aquatic 
fauna, could still affect animals. The various stages of a N. spumigena bloom may also 
affect aquatic fauna in different ways and the physiological and ecological 
consequences of these sublethal effects are worthy of critical investigation and future 
research. In Australia, the use of biomarkers in cyanotoxin research is relatively young 
compared to the Northern Hemisphere, but this area of ecotoxicological research has 
the potential to help guide future governmental policies in environmental and human 
health protection. 
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